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A COMPREHENSIVE IN VITRO AND IN VIVO FAILURE ANALYSIS OF
TITANIUM DENTAL IMPLANT SYSTEMS
Sathyanarayanan Sridhar, PhD
The University of Texas at Dallas, 2018
ABSTRACT
Supervising Professor: Dr. Danieli C. Rodrigues

This dissertation provides a novel approach to understand failure modes and evaluate the surface
performance of commercially pure (cp) titanium (Ti) dental implants (DI). It is based on the
hypothesis that multiple oral factors can damage the titanium oxide (TiO 2) layer leading to periimplant dissolution of metal ions. This study is comprised of three aims to understand the effect
of (i) surgical insertion in different bone qualities; (ii) bacteria colonization; (iii) occlusal forces
on the surface of DI. In the aim 1, DI were inserted following surgical procedure in simulated bone
materials of different densities to check the possibility of surface exfoliation and corrosion
behavior. Powder x-ray diffraction (XRD) of ground specimen from the insertion site was
performed to detect particle release. ASTM standard electrochemical corrosion tests were
performed to evaluate the corrosion behavior of DI post-insertion. In the aim 2, surface analyses
of in vivo failed retrievals were performed. DI were immersed in in vitro polyculture of early
colonizers (Stretptococcus mutans, S. salivarius, S. sanguinis), and late colonizers
(Aggregatibacter actinomycetemcomitans, Porphyromonas gingivalis) for 30 days. In the aim 3,
cyclic occlusal forces were employed on DI immersed in (i) phosphate buffered saline (PBS) and

viii

in (ii) bacterial polyculture. Optical microscope, x-ray photoelectron spectroscopy (XPS), and
electrochemical corrosion tests were performed to evaluate the surface-morphology, chemistry,
and potential of (i) failed explanted retrievals, and (ii) DI obtained post-in vitro tests. Powder XRD
results post-insertion test confirmed that particles were not released due to the insertion procedure
irrespective of bone density. Electrochemical corrosion results post-insertion further corroborated
that the surface integrity was not compromised due to insertion irrespective of bone quality. In
vivo retrieval analyses suggested that both early- and late-colonizers degraded the surfacemorphology (discoloration, pitting, scratches, and fractures) and chemistry (thinning/depletion of
TiO2 layer with respect to the control). However, in vitro bacteria immersion tests showed that
late- colonizers inflicted more damage to the surface chemistry compared to the early colonizers.
Electrochemical corrosion results also indicated higher corrosion rate (not statistically significant)
for DI immersed in late colonizers compared to early colonizers and their respective controls. The
surface degradation due to bacteria adhesion was aggravated in the presence of mechanical forces.
XPS analysis illustrated depleted TiO2 layer for DI exposed to cyclic loading in circulating broth
containing bacteria compared to DI subjected to fatigue test in PBS. The overall findings of this
study indicated that bacteria could degrade the surface which would be exacerbated by mechanical
loading. This dissertation highlights the need to focus on the material surface, as particle release
into the peri-implant tissue might trigger osteolysis and affect biological integration.
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CHAPTER 1
SUMMARY
Root form endosseous-implant supported prosthetic restoration has become a predictable
treatment for tooth loss due to infection (or) trauma over the last three decades. 1 These implants
are inserted inside surgically drilled holes (“osteotomy”) in the maxilla (or) mandible. 1 The clinical
success and performance of this device is mainly dependent on the ability of the biomaterial to
integrate with hard and soft tissues.2,3 The ability of the bone tissues to attach and grow around the
implant is termed as osseointegration.4 This biological interlocking provides stability to the
implant making it capable to bear functional loading (or) occlusal loading (or) mastication when
restored with a crown.5 A proven survival rate of 90-95% has increased its popularity over the
years.6 In addition to the successful performance of this medical device, the number of patients
requiring a dental replacement has been steadily growing.7 In the USA, it has been estimated that
more than 36 million people are completely edentulous (total tooth loss), and around 120 million
have lost at least one tooth.8 This high demand has catapulted the dental implants and prosthetic
industry to a rich billion dollar market, which had been estimated to reach $ 6.4 billion by the end
of 2018.8
Meanwhile, it should also be mentioned that 69% of the population, between the ages of
35-44 years, has lost at least one tooth.7 Thus, the requirement for this device to survive for longer
period of time in vivo. Until, now commercially pure (cp) titanium (Ti) has been the gold standard
material for dental implants.9 The past decade has also seen zirconia (ZrO2) considered as an
alternative material for cp Ti.10,11 However, the lack of long-term results for ZrO2 dental implants
has prevented it from becoming a successful competitor for Ti based dental implants. Currently,
1

many leading companies such as Strauman, Nobel biocare, Zimmer-Biomet, and Dentsply Sirona
have been predominantly manufacturing cp Ti dental implants. 12–15 This material is mainly chosen
because of its proven biocompatibility, good mechanical properties, and excellent corrosion
resistance.16 It is well known that Ti base metal is protected by a nano-thick titanium oxide (TiO 2)
layer, which is formed when it is exposed to atmospheric air (or) water. 16
The surface TiO2 layer provides a barrier for reactive base Ti metal from corrosion, which
makes the material bioinert, and thereby making it biocompatible.16 In addition, this oxide layer
also encourages the attachment of calcium (Ca2+) and phosphate (PO4-) ions, and facilitates
osseointegration.17,18 Several surface modification techniques have been researched and
commercialized to leverage the surface morphology, and surface chemistry, which in turn has been
reported to reduce the healing period resulting in rapid osseointegration. 19,20 Recently, surface
modifications have been performed to impart anti-bacterial, and corrosion resistance
functionalities to the implant material.21–23 This change in trend could be attributed to the rising
complications arising due to bacteria and bacterial biofilm. The biological environment in which
a dental implant is placed is nothing but the oral cavity, which hosts more than 600 different species
of bacteria.24
The adhesion (or) attachment of bacteria to the surface of the implants has been suggested
to hinder the initial healing process, and the ensuing osseointegration. 25 The microbial biofilm
triggered host response leading to peri-implant bone loss, and destruction of established
osseointegration has also been a major factor causing implant failure. Thus, it can be clearly stated
that bacteria has been the major triggering factor for both early- (before osseointegration), and
late- (after osseointegration) stage failure of dental implants.2,18 Even a low failure rate reported in

2

literature could have a high impact because of the high number of implants that are being placed,
and the increasing popularity of this device. There are individual, and synergistic effect of multiple
factors that are mentioned to trigger failure.26–30 However, there is no single mechanism which has
been stated as a main route for failure. This clearly shows that every single factor which could
potentially lead to failure should be carefully investigated, and understood. Corrosion is one such
factor, which remains to be explored in the field of implant dentistry. 31
Corrosion of metallic biomaterials has been a critical topic in orthopedic devices research. 32
The release of metallic debris to the peri-prosthetic tissues has been known to trigger inflammatory
response leading to bone loss, eventually causing aseptic loosening of the device.33 The
combination of corrosion and mechanical wear was explained to result in an accelerated
degradation of the materials through detailed mechanisms such as tribocorrosion and frettingcrevice corrosion.32 In particular, numerous metal-on-metal (MOM) hip implants have been
recalled by regulatory agencies in USA and UK because of a phenomenon known as metallosis,
which is induced by the dissemination of metallic particles in surrounding tissues. 16 However, in
the case of hip replacements, there are a few reasons why this device is more susceptible to wear
and corrosion in comparison to dental implants: (i) the magnitude of forces applied is high; (ii) the
presence of bearing (or) articulation region, which is under constant large scale motions; (iii) larger
implant sizes compared to dental implants because of the size of the respective bone structures for
which they are substituted; (v) the prominence of well-defined modular parts.
Although, in comparison to orthopedic joint devices, dental implants encounter a very
complex biological environment.34 The oral cavity is known for fluctuating pH and temperature,
presence of wide variety of bacteria species, enzymes, saliva, ingested food and beverages, and
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mastication.34 This compound electrochemistry along with the mechanical forces applied during
chewing/mastication can provide harsh conditions to the surface of dental implants. 35 These
conditions can damage the oxide layer leading to exposure of the bulk and dissolution of metal
ions.35 There are instances of accumulation of metallic debris in peri-implant tissues that have been
recorded in the literature.36,37 Release of Ti particles has been suggested to affect the integration
of soft- and hard- tissues with the implant material.38 Therefore, there is a necessity to explore the
individual, and synergistic effects of multiple oral environment factors on the surface of dental
implants. These factors are inherent of the oral environment which are associated with success or
failure of the device.
The maxillar/mandibular bone quality has been considered as one of the main factors
modulating the early success of the implant.39,40 Bacteria and bacterial biofilm has been cited as
the major reason for both early- and late- stage complications of dental implants. 41 Occlusal
overloading experienced by dental implants has been considered as one of the main triggering
factors for late- stage failure.42 However, it is the host response triggered by these factors resulting
in either lack of successful material-tissue integration or destruction of the peri-implant supporting
bone that has been given major focus when it comes to failure of these devices. 43,44 It should also
be noted that surgical placement of dental implants involves application of torsional forces, which
can cause abrasion of the surface against hard tissues. 45 This insertion torque is highly influenced
by the bone quality.40 Previous research have mentioned the possibility of release of Ti particles
in in vivo and in vitro observations.46,47 In spite of these existing literature, the effect of different
bone qualities on the surface of dental implants is still a less explored topic. Oral bacteria,
aggressive periodontal pathogens have been highly mentioned as the primary etiological factor of
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early- and late- stage failures.2,18 Again, very few studies have tried to understand the effect of
contact/adhesion of bacteria on the surface of dental implants. 48,49 It is well known that early
colonizing oral streptococci can reduce pH to an acidic condition due to the release of lactic acid
as a metabolic byproduct.50 An electrochemical corrosion study noted that S. mutans suspended in
ringer solution as an electrolyte negatively impacted the corrosion resistance of the cp Ti surface. 48
Lipopolysaccharide (LPS), a metabolic endotoxin of periodontal pathogen has also been shown to
deteriorate surface integrity.49 However, there still remains a question regarding the long-term
effect of these bacterial strains on the surface of commercial dental implants. Excessive
mechanical forces applied on endosseous implants have been reported to cause supporting bone
micro-damage51, to trigger host response42, and to induce implant fracture52, which have all been
reported to result in peri-implant bone loss. There are no studies which evaluated the effect of
occlusal forces on the damage of TiO2.
It is evident that there has been little to no studies that provide a comprehensive evaluation
of multiple factors in the oral environment which a dental implants has to encounter during its
functioning period, and their individual and synergistic effects on surface integrity. Previous
studies from our group investigating the surface of failed implants retrieved from patients with
peri-implantitis demonstrated the degree of surface damage due to acidic condition and mechanical
factors.35 Subsequent research further revealed that while the early colonizing S. mutans was able
to lower the pH and attack the surface, the late colonizing P. gingivalis was also able to negatively
affect the surface with both leading to thinning of the oxide layer.50 These preliminary studies
provided strong motivation to pursue this dissertation which aims to determine the effect of: (i)
surgical insertion procedures, (ii) bacteria/bacterial biofilm colonization, and (iii) mechanical
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occlusal forces on the surface of dental implants. In addition, early- and late- stage failed dental
implants retrieved from patients were evaluated and determined if similar surface features/changes
were witnessed in these retrievals. This served as validation of the in vitro observations obtained
in this study and experimental methodology developed to replicate oral conditions.
This dissertation titled “A Comprehensive In Vitro and In Vivo Failure Analysis of
Titanium Dental Implant Systems” is composed of eight chapters. Chapter 1 provides a general
summary and motivation behind this dissertation. A detailed approach discussing the history of
dental replacement devices, their raise in popularity over the past thirty years, the failures, the
approach toward determining the triggering factors, and finally the impact of this dissertation will
be discussed in the Chapter 2. Chapter 3 will provide the goals and hypotheses with a strong
rationale supporting each goal. The effect of surgical insertion procedure on the surface exfoliation
of dental implants with respect to different densities of simulated bone materials will be explained
in Chapter 4. The following Chapter 5 discusses about the electrochemical characterization of
dental implants post- surgical insertion procedure. Chapter 6 details the effect bacterial
colonization has on the surface of dental implants which will include results from in vitro bacteria
immersion experiments and in vivo retrieval studies. The role of cyclic occlusal loading on the
surface of dental implants, and development of a novel chamber to simulate the oral cavity
containing bacteria polyculture and cyclic occlusal loading will be provided on Chapter 7. The
synergistic effect of both mechanical forces and bacterial biofilm will be presented in Chapter 8.
Finally, a conclusion based on the results acquired from this dissertation will be summarized, and
a future work section stating the subsequent direction to this research will be given in Chapter 9
and Chapter 10 respectively.

6

CHAPTER 2
BACKGROUND
2.1

Load bearing implants
Load bearing implants are replacements for bone and joint structures which are exposed to

biomechanical loads such as compression, tension, (or) torsion. These structures are usually found
in shoulder, knee, hip, and wrist. Normal movement of an individual could be affected by a chronic
disease (or) a trauma. Biomaterials have been designed and developed to replace these anatomical
structures, and restore normal functioning in these patients. A large variety of materials which are
classified into metals, ceramics, polymers, and composites are used in the design and development
of these biomaterials. These materials are mainly selected for their capability to be: (i) conformed
to a particular shape (or) geometry resembling the replacement structure, (ii) biocompatible, (iii)
maintained in an intact structure without degradation, (iv) expected to promote conditions for
healing, (v) functioning as a replacement for a load bearing anatomical part in the human body.

2.2

Dental implants
A dental implant is one such load bearing device which replaces a natural tooth that is lost

due to disease (or) trauma.1 Employing an alternative material for a tooth dates back to 2500 BC
when ancient Egyptians used ligature wire made of gold to stabilize teeth that were periodontally
involved.53 Since then, several substitutes and support structures were used to rehabilitate teeth.
They included a wide range of materials such as customized soldered gold bands from animals and
oxen bones, teeth carved out of ivory, shells, stones, and even allo-transplantation of teeth
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collected from under-privileged (or) cadavers.54 In 1930 Alvin and Moses Stock experimented
with orthopedic screw fixtures made of Vitallium (Cobalt (Co) – Chromium (Cr) alloy). 55 They
were credited for choosing biocompatible metal to be used in dentition, which provided anchorage
and support.55 In 1938, Adams patented cylindrical endosseous implant that was threaded both
internally and externally and had a smooth gingival collar and healing cap. 56 Formiggini, known
as the father of modern implantology designed spiral stainless steel implants that allowed bone
grow into the metal.55 Dahl, in 1940, was the first person to attempt a sub-periosteal implant. 57 A
major breakthrough in 1963 witnessed a modification of spiral implants to blade implant by
Leonard Linkow who made it feasible for the implant to be inserted in either maxilla or mandible. 58
In 1978, Branemark established a standard for implantation based on his concept of
osseointegration.4

2.3

Types of dental implants
Until then, there were four types of dental implants (Figure 2.1) namely: (1) Intramucosal;

(2) Subperiosteal; (3) Transosteal; (4) Endosseous. Technically, a dental implant is a screw, which
is inserted into the maxilla (or) mandible of the human jaw to support a prosthesis. 59

2.3.1

Intramucosal implants
Edentulous patients who have resorbed ridges usually lack retention and stability in their

dentures. The use of intramucosal inserts as an adjunct for denture retention has shown favorable
results. In the early 1940s, when this concept was first introduced, cobalt chromium alloy was
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used, followed by the use of titanium alloys. Zirconia has shown to be more biocompatible than
titanium alloys with respect to reduced bacterial colonization and soft tissue compatibility.
Zirconia is, therefore, a promising material for use as an intramucosal insert. The zirconium inserts
have a highly polished surface that minimizes the formation and accumulation of biofilms. 60

2.3.2

Subperiosteal implants
These are placed on top of the jaw with the metal framework's posts protruding through

the gum to hold the prosthesis. These types of implants are used for patients who are unable to
wear conventional dentures because of severely resorbed, toothless lower jaw bone, which does
not offer enough bone height to accommodate root form implants as anchoring. 61

2.3.3

Transosteal implants
The plate of the implant is firmly pressed against the bottom part of the chin bone and the

long screw posts go through the chin bone. The two attachments that will protrude through the
gums can be used to attach an over denture type prosthesis. 62

2.3.4

Endosteal implants
It is that type of implant that has a component embedded in bone to act as a root with a

superstructure to hold the crown. This is the most commonly used type of implant. The various
types include screws, cylinders or blades surgically placed into the jawbone. Each implant holds
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one or more prosthetic teeth. This type of implant is generally used as an alternative for patients
with bridges or removable dentures. Endosteal implants are subdivided into several different types
characterized by their geometry, shape, surface, function, and materials. 59

Figure 2.1. Different types of dental implants (A-D): (A) Transosteal implant; (B) Sub-periosteal
implant; (C) Endosseous implant; (D) Intramucosal implant. (Modified from:
https://www.slideshare.net/marcusharris086/types-of-dental-implant; http://dentalimplants.Uchc.
edu/about/types.html).

2.4

Components of dental implant
Ever since the advent of Branemark’s standard for implantation, use of endosseous dental

implants became highly prevalent. By 2002, the American dental association (ADA) survey
showed dental implants as the most preferred method of tooth replacement. 57 In structure, an
10

endosseous implant system (Figure 2.2) consists of three components: (i) the implant – which is
screwed inside the bone, and structurally resembles root of a tooth, (ii) the prosthetic crown which
is the replacement for crown of the tooth, and finally (iii) the abutment – which connects the
implant and the crown together. It is well known that the crown is connected to the implant in two
different modalities: (i) screw-retained connection and (ii) cement retained connection. 63 Screw
retained implant requires fastening of implant and prosthetic component together with a screw. 63
There are few commercial cement brands that are available to help augment the cement retained
prosthetic connection.64,65

Figure 2.2. Components of dental implant system.

In addition to these implants and prosthetic components, dental implants system also
comprise of healing abutments and closure screws.66 They are temporary structures connected to
an implant immediately post-insertion, and will serve generally during the healing period. 67 They
are used to prevent biological infiltration into the implant, and also aid in gaining proper geometry
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of peri-implant soft tissue which would facilitate smooth installation of prosthetic connection. Both
healing abutments and closure caps are removed once the restorations are placed. These different
parts that constitute a dental implant system necessitate employment of a variety of materials.

2.5

Choice of materials
The selection of materials is primarily dependent on the structure and function of the

biological part that is being replaced. In case of dental implants, they are substitutes for teeth,
which are essential for crushing and grinding food, better pronunciation while speaking, and
general countenance with a proper teeth profile. Metals and ceramics are the primary choices for
load bearing applications with 40 years of clinical experience. 68 They remain as the preferred
materials for designing implants, healing abutments, and prosthetic abutments. 69 However, crown
requires a combination of esthetic appearance and load bearing capabilities. This has led to the
selection of porcelain, metal-fused porcelain, and more recently ceramics. 70 Since, this study is
entirely focused on the performance of endosseous dental implants, we will have a brief overview
of metallic and ceramic options that are available in manufacturing the implant structure.

2.5.1

Ceramics
Dr. Sandhaus developed the first crystallized bone screw in 1967, composed mainly of

Alumina (Al2O3).71 However, reports of clinical fractures have led to the downfall of this material
despite excellent mechanical, wear resistant, and esthetic properties. With a better bending strength
and fracture toughness than Alumina, Zirconia (ZrO2) was the ceramic proposed with modern
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fabrication techniques.10 Initially, they were considered as an alternative for metallic abutments. 72
Clinical studies reported bluish appearance of metallic abutment in patients with thin gingival soft
tissue biotype, suggested ZrO2 to improve the appearance in this esthetic zone.73 Recent research
have further elucidated biocompatibility of zirconia with hard tissue integration and overall similar
biological performance in comparison to the traditional titanium surface. ZrO 2 dental implants are
available in the market. However, limited clinical data has restricted the estimation of survival,
and thus it is tough to conclude that ZrO2 is a competitive alternative for metallic dental implants
at present.

2.5.2

Metals
Metals have been used extensively in the manufacturing of orthopedic and dental

prosthetics because of the following reasons: (i) availability of raw materials, (ii) well documented
techniques for shaping the raw to the required geometry, (iii) treatment methods available to
manipulate the physical and chemical properties according to necessities, (iv) biocompatibility,
(v) inherent mechanical, and degradation resistance characteristics. 16 Stainless steel, cobaltchromium-molybdenum (CoCrMo) alloy, and titanium alloys are the predominant metal alloys,
which possess the properties required to bear biomechanical stress, and remain bioinert without
stimulating uneventful host response.16 From the history of the metamorphosis of dental implants
design, it was evident that stainless steel, and CoCrMo alloy were involved in the fabrication of
dental implants.53 However, after the establishment of Branemark’s concept of osseointegration
for dental restoration, titanium which was extensively used in his experiments gained prevalence. 57
Today, commercially pure (Cp) titanium (Ti) has become the most widely used material in the
13

implant industry. In addition to the ability of successful tissue integration, Ti possessed the
required mechanical properties, and excellent corrosion resistance. Most importantly, in
comparison to stainless steel and CoCrMo, the Young’s modulus of cpTi is closer to that of the
cortical bone in the maxilla (or) mandible.16

2.6

The concept of osseointegration
According to Branemark and Skalak, osseointegration is designed as a stable and

apparently immobile support of a prosthesis under functional loads without pain, inflammation,
(or) loosening.74 In other words, an implant is osseointegrated if there is no progressive relative
motion between implant and surrounding living bone and marrow under functional levels and types
of loading for the entire life of the patient74 (Figure 2.3).

Figure 2.3. An illustration showing the insertion of dental implant followed by attachment of bone
tissues which provides support and stability to experience mastication/occlusal loading.

Currently, a two-stage surgical placement of dental implants is widely practiced. The first
stage involves the placement of a dental implant in the socket prepared in the maxilla (or)
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mandible. The preparation of a socket in the jaw bone, which is also known as an “osteotomy”
requires a series of drills created by standardized surgical burrs. Subsequently, an implant is
inserted (or) torqued inside the osteotomy. A healing abutment (or) a closure cap is connected
post-insertion.67 The implant will remain submerged for a period, termed as “healing period”
during which wound healing, and subsequent osseointegration is allowed to take place in an
undisturbed environment. In general the healing period is 3 months and 6 months for maxilla and
mandible, respectively.75 A successful osseointegration is followed up with removal of healing
abutment (or) closure cap, and connection of prosthetic components. This prosthetic restoration
constitutes the second stage of surgical placement.
In general, introduction of biomaterials into a living tissue is known to trigger a series of
host response. Host response consists of different phases such as tissue damage, homeostasis
(blood clotting), granulation tissue formation, inflammatory phase, change in ionic concentration,
neutrophil infiltration, phagocytic effect of monocytes and macrophages, angiogenesis,
proliferative phase, repair and remodeling, formation of granular fibroblast/connective tissue, and
finally scar formation.16 The temporal sequence of these events starting from the inflammatory
phase is provided in Figure 2.4. Considerable studies have been performed to decrease the time
of this healing phase especially the proliferative to remodeling phase. In other words, there is a
constant motivation to reduce the healing period (or) to achieve rapid osseointegration. 20
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Figure 2.4. Temporal sequence of host response phases post- implantation 16.

2.7

Role of surface in osseointegration
Recent research has been directed towards different surface modification techniques to

achieve rapid osseointegration.76 There are several well established surface treatments such as sand
blasting, acid etching, plasma spraying, and anodization.76 These techniques are directed to alter
the surface chemistry and topography, which have been suggested to play a vital role in facilitating
tissue interlocking with the implant material.77 In particular, surface modifications have been
performed to achieve a particular surface roughness. An increase in surface area is considered to
increase tissue adhesion to the implant.77 While a rough surface is expected to encourage
attachment of hard tissue cells, a smooth surface is expected to provide favorable conditions for
the adhesion and growth of soft tissues.78,79 Sometimes, surface modification is performed for the
ease of recognition of components which are connected to the implant. 67 A classic example is the
use of anodization to color code healing abutments.67 A few of the commercial dental implants
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manufacturing industries and the surface treatment employed by them are listed below in Table
2.1.

Table 2.1. Bulk metals and their surface treatments for commercially available dental implants.
Manufacturer
Straumann

Material
Cp Ti10, Ti/Zr alloys

Zimmer - Biomet 3i Cp Ti, Tantalum11

Surface Modification
Sand blasted, Large grit, Acid etched (SLA)
surface
Micro-textured (MTX) surface,
MTX treated and Hydroxyapatite coated
surface
Discrete crystal deposition (DCD) surface

Nobel biocare

Cp Ti12

Ti Unite surface, fabricated by anodic oxidation

Dentsply

Cp Ti13

Osseospeed surface. Grit blasted with TiO2 and
acid etched.

Titanium is a very reactive metal. However, when exposed to air (or) moisture, it
spontaneously forms a titanium oxide (TiO2) layer on the surface (Figure 2.5), which passivates
the metal, and subsequently reduces reactivity.17,80 The passive oxide layer imparts a distinctive
resistance to corrosion making it biocompatible, and thus suitable for biomedical applications. 17
There are five structural and physical characteristics of this oxide layer. 16 They are: (1) oxide films
are very thin in the order of 5-70Å, and dependent on the potential across the interface as well as
the solution variables such as pH, (2) they exhibit the characteristic of semiconductor with an
atomic defect structure, which determines the ability for ionic and electronic transport across films,
(3) ratio of oxide specific volume to metal alloy specific volume (i.e., Pilling Berdworth ratio)
determine if oxide layer will adhere to metal (or) not. (4) oxide films possess needle (or) dome
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shaped morphologies, which change with applied potential when immersed in oxalic and acetic
acids, (5) mechanical factors such as fretting, micromotion (or) applied stresses may abrade (or)
fracture oxide films.16

Figure 2.5. Structure of oxide layer and double layer.

2.8

Success and failure rate of dental implants
This TiO2 layer facilitates osseointegration through the attachment of biominerals such as

calcium and phosphate.9 The long-term clinical success of dental implants is highly dependent on
the integration of the surface with hard and soft tissues. 3,81 This biological interlocking provides
mechanical stability and is considered the major reason for the success of these devices. 1 In the
US, 3 million people already have dental implants placed and around 500,000 patients receive
implants every year.7 With a success rate of about 95%, these devices have a billion dollar market.
In the past 30 years, the number of patients receiving dental implants has risen steadily worldwide
to a level of approximately 1 million implantations per year. 82
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Dental implant failures are reported to range from 1.9%-11%.83 This is concerning because
of the increasing trend in dental implant placement each year. A dental restoration with single
implant-crown assembly is reported to cost around $3200 - $4400. Even a small failure rate of 2%
can represent 60,000 implants, which will correspond to a financial loss of $192,000,000 $264,000,000. It should be noted that this approximation is based on the assumption that each
patient receives only a single implant. Hence, the financial impact of failures stated above is underestimated, as a patient may receive multiple implants.

2.9

Types of dental implants failure and related factors
Dental implant failure is classified into early and late stage failures.

2.9.1

Early stage failures
Early stage failures occur before attachment of prosthetic components mainly due to

interference with healing process which will eventually result in failure to establish
osseointegration.43,84 Early losses account for more than 50% of reported failures.85 Bacterial
infection, surgical trauma, poor bone quality, inability to heal, and micromotion/lack of primary
stability are considered as the major triggering factors.40 Manor et al. reported in a retrospective
study that half of the patients exhibited early implant failures with the lack of osseointegration
being the main etiological factor (73% of cases).85 Patients with higher plaque scores86 and
implants associated with infections have been associated with higher early failure rates. 87 Early
stage failures have been mostly associated with colonization of Streptoccocus and Actinomyces
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species, which are reported to affect soft tissue integration. Soft tissue provides biological sealing
and prevents the infiltration of early colonizers. 88,89 Early colonizers initiate the formation of
biofilm providing favorable microenvironment for late colonizing anaerobic pathogens like
Porphymonas gingivalis, Aggregatibacter actinomycetecomitans, Fusobacterium nucleatum etc.,
(Figure 2.6). These aggressive pathogens are associated with inflammatory reactions in the bone
tissue leading to periodontitis.90,91

Figure 2.6. A scheme displaying the possible events due to adhesion of early colonizers on the
surface of dental implants.

2.9.2

Late stage failues
Late stage failures are characterized by failure to maintain an osseointegrated interface,

which is generally experienced after an implant is restored, and exposed to functional loading. 44
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Occlusal overloading, screw fractures, and peri-implantitis are the major contributors to late stage
failure.42,92,93 The implant/tissue interface provides the required anchorage to sustain the functional
loading.4 In vivo the implant is loaded by biting forces and moments, which in turn create stresses
and strains in interfacial bone, bone-implant boundary, and the implant. 94,95 If the interfacial stress
and strain exceed mechanical and biological limits of tissue (or) implant, failure will occur. 51
Natural tooth has a periodontal ligament (Figure 2.7) which serves as a cushion, and facilitates
stress distribution to the jaw bone.96 However, in an osseointegrated implant, the stress is directly
transmitted to the bone, which results in stress concentration at the crestal bone level. 96

Figure 2.7. Comparison of a natural teeth versus a dental implant. (Modified from:
http://www.tampaperiodontics.com/patient-information/dental-implant-faqs/)
In a dog model, bone apposition on the implant occurred in the rage between 3400 to 6600
µε. Above 6700 µε bone resorption occurred.97 A general hypothesis is that fatigue to the
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interfacial bone because of the high stress and strain secondary to implant loading can result in
bone micro-damage. An aggravated micro-damage can lead to micromotion and implant
loosening.98
In another scenario, the micro-fracture that appear in bone along the bone-implant interface
can lead to fracture of prosthetic components (or) the implant itself. They will generally be at the
origin of rupture of osseointegrated surfaces.92 It is a general assumption that bone loss precedes
implant fracture. There are several factors which are attributed to cause dental implants fracture.
They are: (1) design (or) production flaws, (2) inadequate fit of superstructure – studies have
reported that a non-passive fit of superstructure may produce substantial tension between implant,
crown, and the peri-implant bone, (3) load factors – occlusal and implant bearing forces. (a) inline
implants: two implants (or) a combination of tooth and implant arranged in straight line. 99 This
geometry allows bending to occur as a result of lateral occlusion that might lead to implant fracture.
(b) leverage: force generated at occlusal contact position magnified at implant cross section with
alveolar crest, (4) bruxism (or) heavy occlusal forces – parafunctional occlusal habit contributes
to potential overload, (5) design of superstructure – type of restoration influence the load and stress
transmitted to the implant, (6) implant location – implants at posterior mandible and maxilla are
the most prone to fracture, (7) implant size – small diameter implants fracture more easily than
large ones, (8) metal fatigue – most fractures due to metal fatigue result in peri-implant bone
resorption, cross sectional changes, and bone loss reduces bending resistance, and stress
concentration.99 Occlusal overloading is not only associated with bone micro-fracture and implant
fracture, but also considered to trigger inflammatory response leading to a clinical condition
known as peri-implantitis.42
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Recently, a rising number of implant failures have been reported due to peri-implantitis. 100
It is a clinical scenario that takes place in two stages. The first stage is the inflammation of soft
tissues known as peri-implant mucositis101, which is diagnosed by bleeding on probing and/or
suppuration. This condition is generally reversible with treatment but when left untreated it can
progress into the second stage of irreversible inflammation and continuous bone loss, which is
known as peri-implantitis.101 Peri-implant bone loss will eventually lead to implant failure.
Diagnosis of peri-implantitis include radiographic alveolar level combined with (or) without
clinical inflammation symptoms and/or probing depth (at least > 4 mm). 102 According to Froum
and Rosen, peri-implantitis can be divided into three categories such as: (i) early, (ii) moderate,
and (iii) severe based on probing depth, bone loss, and implant exposure. 103 A recent study reported
that 1%-56% of patients who receive an implant suffer from this severe clinical condition. 100,104
The number of infected implant increases the longer these implants have been in place. Factors
such as occlusal overloading97, previous periodontal disease history105, poor plaque control106,
residual cement107, smoking108, and genetic factors109 are considered to trigger peri-implantitis.
However, inflammation due to bacterial biofilm is considered to be the primary etiological factor
for the disease.110 The current treatment modalities are targeted toward removing bacteria biofilm
and their metabolic products deposited from the surface through detoxification and
decontamination methods or implant removal if bone loss exceeded 50%. 41 Although, there has
not been enough human studies to prove the efficacy of detoxification treatments based on the
success and survival rate of implants. Contrarily, it has been mentioned recently that the etiology
of peri-implantitis is very complex with many risk factors indicating a multi-causality model. 111
Therefore, it was stressed that peri-implantitis treatment protocol should be evaluated in relation
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to different risk factors and various implant features.111 In an earlier study, Mouhyi et al., has
mentioned an interplay of multiple factors such as: (i) lesions of peri-implant attachment, (ii)
presence of aggressive bacterial strains, (iii) excessive mechanical stress, (iv) corrosion in
triggering peri-implantitis.18 It was hypothesized that the onset of any one of the above mentioned
factors can initiate the rest resulting in a chain of events ultimately contributing to the peri-implant
bone loss as shown in Figure 2.8.18

Figure 2.8. Radiographic difference between (A) a healthy implant; (B) dental implants suffering
bone
loss
due
to
peri-implantitis.
(Modified
from:
http://www.dentaleconomics.com/articles/print/volume-105/issue-6/science-tech/the-scienceand-economics-behind-a-100-implant.html; https://www.osseonews.com/one-year-follow-stablecrestal-bone-around-4-implants/)
In summary, multiple factors are listed in the literature that can lead to implant failure.
Particularly, bone quality, bacteria, and excessive mechanical forces have been considered as the
key players in determining the short- and long- term implant/tissue integration (or) implant/tissue
integration pre- and post- osseointegration/healing phase. Bacteria/bacterial biofilm have been
associated with both early- and late- stage complications. It should be mentioned that these
aforementioned factors are nothing but one of the parts of the oral environment in which a dental
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implant is placed (or) inserted. Until now, unfavorable host response due to individual (or)
synergistic effects of these factors has been given primary focus in causing failure of dental
implants. However, it is also vital to research and understand what happens to the implant material
(i) when there is a failure; and (ii) when it encounters various oral environmental factors at different
stages. There has been few to no studies which discussed performance and failure of dental
implants with respect to the anatomical and physiological conditions to which they are
exposed.35,50 This research aims to bridge the gap in understanding the effect of multiple oral
environment factors on the surface of Ti dental implants, based on novel in vitro experiments, and
retrieval analysis of clinically failed implants. As mentioned earlier, the surface of Ti dental
implants is nothing but a nano/micro thick TiO2 layer, which ensures biocompatibility, facilitates
osseointegration, and most importantly provides corrosion resistance. 17,80 Damage to the surface
would mean breakdown of the surface oxide layer, which would result in exposure of bulk Ti, and
release of metallic particles to the peri-implant tissues. 32 In other words, the implant material lost
its resistance to corrosion, and this resulting degradation can affect its biocompatibility and
osseointegration properties. This study focusses on measuring the corrosion resistance aspect of
Ti dental implants by qualitative and quantitative techniques. Corrosion in dental implants is
seldom a topic of discussion. However, corrosion in metallic biomaterials has been extensively
studied in the field of orthopedic replacements.

2.10

Corrosion in metallic biomaterials
Many of the commonly used surgical alloys possess highly reactive metals such as titanium

(Ti), aluminum (Al), and chromium (Cr). As a result of the high reactivity, they will react with
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oxygen upon initial exposure to atmosphere.112 This initial oxidation leaves an impervious oxide
layer firmly adherent to the metal surface.16 Thus, all other forms of corrosion may be significantly
reduced because the oxide layer acts as protective barrier, passivating the metals. 16
Metals, as a generic group, should be relatively susceptible to corrosion in the biological
environment.112 Based on experimental observations and clinical experience, it has been found that
even the most corrosion resistant metals will suffer significant and destructive attack upon
prolonged implantation.112 Whether noble (or) passivated, all metals will suffer a slow removal of
ions from the surface largely because of local and temporal variations in microstructure and
environment.113 This release of metal ions need not necessarily be continuous, and the rate may
either increase (or) decrease with time, but metal ions will be released into the environment. 113
Therefore, it is important to understand the variation in the susceptibility to corrosion and
degradation, precise mechanism of the interfacial reactions, and consequences of such corrosion
and degradation products.
Corrosion resistance can be predicted from standard electrode potentials (SEP), but is not
useful for predicting the occurrence of corrosion of most alloys in practice. 112 Irrespective of SEP,
corrosion resistance of many materials is determined by their ability to become passivated by an
oxide layer that protects the underlying metal.112 Corrosion processes influenced by variations in
surface and structural features, and in the environment that disrupt charge transfer equilibrium. 112
Biological environment to which metals are exposed is both very aggressive and very
susceptible to material provoked adverse responses. 68 The environment to which biomaterials are
exposed during their prolonged use can be described as an aqueous medium containing various
anions (Cl-, PO42-, HCO3-), cations (Na+, K+, Mg2+, Ca2+), organic substances (light molecular

26

weight- and heavy molecular weight- proteins and lipids), and dissolved oxygen. 114 The pH of this
well buffered system is around 7.4, although because of inflammation it may change for short
periods following surgery to as low as 4-5.114 The temperature remains constant at 37o C.114 The
protein content of the environment is known to have a significant influence on the corrosive nature
of body fluids.115,116 Moreover, these biomolecules could upset the equilibrium of the corrosion
reactions by consuming one (or) other of the products of anodic (or) cathodic reaction. 112 For
example, proteins can bind to metal ions and transport them away from implant surface. This will
upset equilibrium across charged double layer and allow further dissolution of metal. 112
The stability of the oxide layer is dependent on the electrode potential and pH of the
solution.114 Proteins and cells can be electrically active and interact with the charges formed at the
interface, and thus affect electrode potential.114 The pH of the local environment can be changed
through generation of acidic metabolic products by bacteria and inflammatory cells that affect
equilibrium.117–120 It should also be noted that the stability of the oxide layer is also dependent on
the availability of oxygen.121 The adsorption of protein and cells onto the surface of materials could
limit the diffusion of oxygen to certain regions of the surface. 121 This could cause preferential
corrosion of oxygen-deficit regions and lead to breakdown of the passive layer. 121 t is well known
that the cathodic reaction results in the formation of hydrogen (H2) gas evolution.112 In a confined
locality, the build-up of H2 tends to inhibit the cathodic reaction, and thus restricts corrosion
process.112 If H2 can be eliminated, then the active corrosion can proceed. It is possible that bacteria
in the vicinity of an implant could utilize H2112, and thus play a crucial role in the corrosion process.
There are several instances when these factors have contributed to material degradation through
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different types of corrosion, which are classified based on specific conventional mechanisms. They
are listed in the following sections.

2.10.1 Pitting Corrosion
Localized corrosion can occur as a result of imperfections in the oxide layer, producing
small areas where the protective surface is removed. These localized spots will actively corrode,
and pits will form in the material surface. This can result in a large degree of localized damage,
because the small areas of the active corrosion site become the anode and the entire remaining
surface becomes the cathode. For example, stainless steel used as medical implants possess
excellent corrosion resistance due to the passivation provided by the chromium oxide layer
(Cr2O3). However, in a physiological saline environment, the driving force for repassivation of the
surface is not high. Thus, if the passive layer is broken down, it may not repassivate and active
corrosion can occur.

2.10.2 Fretting Corrosion
The passive layer may be removed by mechanical processes. This can be a scratch that
does not repassivate, resulting in the formation of a pit, or a continuous cyclic process in which
any reformed passive layer is removed. A common example is fretting corrosion observed between
a fracture fixation plate, and bone screws attaching the plate to the bone. There are four ways
through which fretting has been suggested to affect corrosion rate: (i) removal of the oxide layer;
(ii) plastic deformation of the contact area which can subject this area to high fatigue strain, and
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may cause fatigue corrosion; (iii) stirring of the electrolyte, which can increase the limited current
density of the cathodic reaction; (iv) influence of fretting on hydrogen adsorption, and
consequential hydrogen embrittlement especially witnessed in titanium. 122,123

2.10.3 Crevice Corrosion
The area between the head of a bone screw and countersink on a fracture fixation plate can
also be influenced by crevice conditions that the geometry creates. Porous coated implants may
also demonstrate crevice corrosion. Accelerated corrosion can be initiated in a crevice by restricted
diffusion of oxygen into the crevice. Initially, anodic and cathodic reactions occur uniformly over
the surface, including within the crevice. As the crevice becomes depleted of oxygen, the reaction
is limited to metal oxidation, balanced by cathodic reaction on the remainder of the surface. In an
aqueous sodium chloride solution, the build-up of metal ions within the crevice causes influx of
chloride ions to balance the charge by forming metal chloride. In the presence of water, the chloride
will dissociate to its insoluble hydroxide and acid. This is a rapidly accelerating process, since the
decrease in pH causes further metal oxidation. 124

2.10.4 Intergranular Corrosion
A classic example is the intergranular corrosion observed in stainless steel. In stainless
steel, chromium provides passivation. When the alloy becomes depleted in chromium naturally
(or) by carbides formed at the boundaries, passivity in these areas are affected, and preferential
corrosion can occur. This can cause severe problems since, once initiated it will proceed rapidly,
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and may well cause fracture of the implant and release of large quantities of corrosion products
into the tissue.125

2.10.5 Stress Corrosion Cracking
An insidious form of corrosion, since an applied stress and a corrosive environment can
work together and cause complete failure of the component, when neither the stress nor the
environment would be a problem on their own. The stress level may be very low, possibly only
residual, and the corrosion may be initiated at a microscopic crack tip that does not repassivate
rapidly. Incremental crack growth may then occur, resulting in fracture of the implant. Industrial
uses of stainless steels in saline environments have shown susceptibility to stress corrosion
cracking, and therefore it is a potential source of failure for implantable devices, although to date
there has been little evidence that it occurs extensively in clinical practice. 112

2.10.6 Galvanic Corrosion
Two dissimilar metals placed in the same solution will each establish its own electrode
potential. Under electrical contact, a potential difference will be established between them,
electrons passing from more anodic to more cathodic metal. Thus, equilibrium is upset and a
continuous process of dissolution from the more anodic metal will take place. If both alloys remain
within their passive region when coupled in this way, the additional corrosion may be minimal.
Some modular orthopedic systems are made of titanium alloys and cobalt- based alloys on the
basis that both should remain passive, but evidence of corrosion has been reported. Galvanic
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corrosion may also take place in a microscopic scale in multiphase alloys where phases are of
considerably different electronegativity. In dentistry, some amalgam may show extensive
corrosion because of this mechanism.126

2.11

Mechanically assisted corrosion (or) fretting-crevice corrosion
The oxide film serves as a kinetic barrier to limit corrosion reactions in biological

environments. While this is true under static condition, it does not necessarily provide a stable (or)
strong barrier during mechanical abrasion.32 The thermodynamic driving force will expose the
metal to the biological environment and accelerate the corrosion process when the oxide layer is
breached. This degradation becomes much complicated in the presence of mechanical factors like
cyclic loading, stress, micromotion, etc., and crevice geometries where fluid can accumulate. This
complex combination of both mechanical and electrochemical factors was described by Gilbert et
al. as “mechanically assisted crevice corrosion (MACC)”, which was associated with failures of
modular hip, spinal, and other implants.32 MACC is a broad category, which includes different
mechanisms such as (i) fretting corrosion, (ii) fretting-crevice corrosion, (iii) stress assisted
corrosion, (iv) wear assisted corrosion (or) tribocorrosion. This in vivo degradation mechanism
significantly affects the mechanical integrity of the implant, and is also thought to elicit biological
(or) adverse tissue reactions significantly affecting the patient’s health. 32
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2.11.1 Concept of fretting-crevice corrosion
The synergistic effect of restricted geometry (crevices in implants), fluid ingress and cyclic
loading on modular taper corrosion of metal-on-metal hip implants has already been well studied
and explained (Figure 2.9). Crevice-like geometries, mainly in modular interfaces are potential
sites for fluid ingress. During cyclic loading, the contacting interfaces slide against each other,
which can result in fretting, and result in fracture and rapid repassivation (consuming the available
dissolved oxygen) process of the passive oxide film present on the taper surfaces. However, when
the dissolved oxygen is depleted in the crevice region, abrasion of the oxide layer due to
micromotion is not repassivated. Moreover, the lack of oxygen in the localized region will lead to
increase in acidity, which along with the cyclic loading will accelerate the active corrosion of the
base metal.32,35,127

Figure 2.9. The concept of fretting-crevice corrosion.
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2.12

Consequences of corrosion of implant materials
Corrosion of metallic implants can result in release of metal debris to the peri-implant

tissues. The size of the individual particles have been observed to range from 20-50 nm in the
surrounding tissues of metal-on-ceramic (MOM) hip implants. 128 These released particles have
been reported to cause metallosis, aseptic lymphocytic vasculitis associated with lesion,
pseudotumors, metal reactivity, and metal sensitivity leading to peri-prosthetic bone resorption
leading to aseptic loosening, and adverse reaction to metal debris. 128–132 MOM hip implants
articulating region could emanate 1012-1014 particles/year.133 Metallosis (or) aseptic fibrosis is the
chronic infiltration of metallic wear debris accompanied by reactive, chronic inflammatory
changes within peri-prosthetic bony and soft tissue.134 Wear debris has been cited in the literature
to elicit type IV T-cell mediated hypersensitivity reaction. 135 Degradation products of CoCrMo
and Ti alloy are immunologically reactive since they can become complexed with high molecular
weight serum proteins especially immunoglobulin G (IgG). 135 Accumulation of metallic wear
particle and products of corrosion caused a localized reaction and reduction in immune response. 135
In vivo corrosion of MOM hip replacements and its associated adverse health problems have
become a national health care issue. The Food and drug administration (FDA), healthcare products
regulatory agency of UK issuing alerts for MOM hip replacements along with several medical
device manufacturers issuing recalls in 2011-2012. This is just one example of an industry-wide
problem, which can also extend to spinal, dental, and cardiovascular implants where metals are
used.
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2.13

Understanding the performance and failure of dental implants
Even though corrosion is not considered as a serious concern in implant dentistry, there are

studies which reported surface damage due to chemical and mechanical attack imparted on the
implant materials. Earlier retrieval analysis suggested that a decrease in the thickness of the TiO 2
layer was observed in implant retrievals after 8 years of in vivo service.136 Chaturvedi et al.
hypothesized that corrosion can severely limit the fatigue life and ultimate strength of the material
leading to mechanical failure of dental materials. 29 Olmedo et al., has shown the presence of Ti
particles in the peri-implant tissues, which were surrounded by macrophage. 36 In a more recent
study, Shemtov-Yona et al., analyzed fractured implants, and suggested metal fatigue as one of the
main fracture mechanisms.52 In addition, accelerated fatigue failure was also observed for implants
that were cyclically loaded in a salt-like environment indicating potentially adverse effects of the
in vitro atmosphere.52 Wilson et al., also witnessed presence of metallic particles in peri-implant
soft tissue biopsies of failed dental implants.37
Rodrigues et al., characterized the surface of retrievals extracted from patients due to periimplantitis. In that study, microscopic features revealed surface corrosion, which was found to
have occurred due to a combination of acidic electrochemical condition and mechanical forces,
and proposed fretting-crevice corrosion as a mechanism.35,50 It was also hypothesized that the
complexity of the oral environmental factors contributed for the synergistic (or) combinatorial
attack on the surface.35 Therefore, the present study developed novel testing setups in order to
investigate and simulate the effects of this complex biological milieu (Figure 2.10) on the surface
integrity of dental implants. In addition, clinical retrievals of dental implants obtained from earlyand late- stage failures were analyzed. Surface characterization of in vivo retrievals and in vitro
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tests were compared to provide a comprehensive understanding of individual, and synergistic
effects of electrochemical and mechanical factors of the oral environment.

Figure 2.10. The effect of the complex oral environmental factors on the surface of dental
implants.

In the oral environment, surface integrity of dental implants is challenged from its surgical
introduction into maxilla/mandible as it is susceptible to abrasion during torsional insertion.
Mechanical forces involved in surgical insertion have been reported to generate surface wear in
previous in vivo studies.45,137 Under normal conditions, in the presence of dissolved oxygen,
surfaces subjected to wear can be repassivated (or) reformed. 16 This dissertation presents new in
vitro methodologies to better understand the possibility of metallic particle generation during
insertion and repassivation mechanisms post-implant insertion. The following information were
obtained from this method: (i) torque required for inserting the implants in different densities of
35

bone; (ii) release of surface wear due to surgical insertion; (iii) electrochemical surface potential
and corrosion kinetics post-insertion.
After insertion, dental implants are closed with closure caps (or) healing abutments, and
are allowed to heal for a period of 3-6 months.4 During this initial stage, implants are vulnerable
to adhesion of primary colonizers.67 In order to evaluate the link between bacteria and corrosion
during early stages of implantation, a novel test methodology was developed. Dental implants were
immersed in in vitro polycultures of selected bacterial species from early- and late-colonizers. This
study provided the following parameters: (i) pH created by bacteria in the growing medium; (ii)
effect of bacterial contamination for an extended period of time; (iii) change in surface
morphology, chemistry, and potential.
Dental

implants

are

connected

to

prosthetic

components

after

successful

healing/osseointegration and exposed to masticatory loading. Loss of osseointegration is
associated with bacterial biofilm and occlusal overloading.18,44 While the individual effects of
biofilm on the surface of dental implants can be evaluated with immersion tests as mentioned
above, synergistic effects of bacterial biofilm and occlusal loading on the implant surface was
investigated under simulated oral conditions by applying loads and exposing implants to
polymicrobial cultures. A materials testing system (MTS) equipped with an environmental bath
chamber was modified to accommodate a bacterial medium flow under simultaneous loading. This
novel custom-made setup was designed with a small chamber that will allow dental implants of
any design, material or geometry to be placed in a circulating broth containing a polymicrobial
culture. This test setup will provide the following parameters: (i) synergistic effects of
micromotion and acidic environment on the implant surface morphology, chemistry, and potential;
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and (iii) information about the role of acidic environment on the fatigue properties of implants.
This setup has the versatility to test different surface treatments and materials used in different
dental implant systems.
An illustration of multiple methods (Figure 2.11) developed to evaluate the effect of oral
environmental factors on the surface of dental implants to understand their performance in vivo,
and also to identify the triggering factors for failure.

Figure 2.11. Novel in vitro tests developed to evaluate the effect of multiple oral factors.
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CHAPTER 3
GOALS AND HYPOTHESES
Goal 1: To assess in situ surface exfoliation and electrochemical potential of dental implants
inserted in simulated bone materials
Surface exfoliation and electrochemical potential of implants were evaluated in two tasks. Task 1:
In vitro insertion of implants was performed in simulated bone of varying densities. Results of this
test revealed the insertion forces with respect to bone densities, and composition of particles
resulting from mechanical forces applied during insertion procedures. Particle composition was
investigated with powder X-ray diffraction. Task 2: Electrochemical surface potential and
corrosion kinetics of implants inserted in simulated bone materials was performed. Results
provided the stability of the surface oxide layer post-implant insertion.

Hypothesis: Surgical insertion of dental implants will lead to abrasion and exfoliation of the
titanium oxide layer. The constricted space inside the bone will not provide the required
electrochemical conditions for the implant surface to repassivate.

Rationale: The abrasive effect due to torsional insertion can lead to a premature generation of
metal particles in tissues surrounding a dental implant. 45 The most important feature of the passive
oxide layer is the ability to repassivate when the oxide layer is damaged. However, repassivation
occurs only in the presence of oxygen.16 Hence, it is important to understand the electrochemical
condition in a closed environment like bone and its ability to provide the necessary aeration and
lubrication to allow the surface to achieve repassivation.
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Goal 2: To investigate the role of bacterial colonization on the surface of dental implants
The effect of different bacterial species on the surface integrity of dental implants was evaluated
from in vitro and in vivo conditions in two tasks. Task 1: In vitro immersion tests of dental implants
were performed in mono/poly-culture of early and late colonizing bacterial species. Task 2:
Surface analyses of in vivo retrievals were conducted with implants obtained from early- and latestage failures. Surface morphology and chemistry were evaluated by microscopy and X-ray
photoelectron spectroscopy. Surface potential was assessed using electrochemical experiments.

Hypothesis: Early and late stage bacterial colonization on the surface can create a sustained acidic
environment. An acidic oral environment will lead to surface corrosion of dental implants resulting
in breakdown of the oxide layer.

Rationale: Adhesion of bacteria/bacterial biofilm on the surface of dental implants can lower the
pH in two ways: (1) contact and adhesion of primary colonizing planktonic bacteria on surfaces
that release organic acids during fermentation, thereby decreasing the pH of the oral environment;
and (2) biofilm formation on implant surfaces. Bacterial biofilm is suggested to lead to the
development of localized crevice environments, which due to differential aeration and oxygen
depletion will induce a significant decrease in pH and consequent metal bulk attack. Besides
leading to metal particle generation, this condition is hypothesized to disrupt implant
osseointegration.26,49,51,88 The effect of bacterial colonization on the surface of dental implants
was investigated by performing in vitro immersion tests and in vivo retrieval analysis.
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Goal 3: To evaluate the effect of mechanical occlusal forces on the surface of dental implants
This aim examined the role of occlusal forces on implant surfaces subjected to two different testing
scenarios in two tasks. Task 1: Evaluation of the effect of occlusal loads in simulated mild oral
environment on the surface of dental implants. A quasi-static test was performed to finalize the
load limits for the fatigue test. The implants were immersed in phosphate buffer saline (PBS), and
were simultaneously subjected to mechanical fatigue. Task 2: Investigation of the synergistic
effects of bacterial adhesion and micromotion at the implant/bone and implant/abutment/crown
interfaces due to cyclic occlusal forces. Mechanical fatigue test was performed with implants
immersed in bacterial poly-culture broth. Post-fatigue test, the implants surface morphology,
chemistry, and potential were analyzed.

Hypothesis: The synergistic effects of micromotion, due to occlusal loading, and bacterial biofilm
will result in breakdown of the oxide layer leading to continuous dissolution of metal ions.

Rationale: The grinding action during mastication, clenching, and bruxing of teeth can lead to
cyclic occlusal forces.138–140 Cyclic occlusal loading on modular crown-abutment, implantabutment, and bone-implant interfaces can generate micromotion between the counterparts. 141–143
Either the modular interfaces or poor osseointegrated surfaces between bone and implant can
create localized acidic crevice environments. This localized acidic condition can be also created
by the adhesion of bacterial biofilms on the surface of dental implants. A mature biofilm will
prevent oxygen diffusion to the surface leading to restricted aeration. The combination of an acidic
environment and micromotion triggered fretting wear can lead to permanent breakdown of the
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passive oxide layer leading to bulk exposure. This phenomenon is known as fretting-crevice
corrosion. In this aim, a mechanical testing setup is designed to understand the effect of occlusal
forces on the implant’s surface and its mechanical performance under two different scenarios.
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CHAPTER 4
IN VITRO EVALUATION OF TITANIUM EXFOLIATION DURING SIMULATED
SURGICAL INSERTION OF DENTAL IMPLANTS
4.1

Prior Publication
This work was published in the Journal of Oral Implantology in 2015. The paper describes

the evaluation of the metallic particles release during insertion of dental implants in different
densities of bone materials. Reproduced with permission of the Journal of Oral Implantology. Link
to

the

article:

http://www.joionline.org/doi/10.1563/aaid-joi-D-14-00230?url_ver=Z39.88-

2003&code=aaid-premdev.
Sathyanarayanan Sridhar performed the experiment mainly the characterization of the
osteotomy sites post-insertion. Pilanda Watkins-Curry carried out the powder x-ray diffraction
studies. Dr. Danieli Rodrigues was an expert source in the biomaterials field and guided the design
of the experiments and the data analysis. Dr. Wilson was an expert source in the field of implant
dentistry who performed the insertion of dental implants in the simulated bone material following
the standard surgical protocol. Dr. Chan was an expert resource for powder x-ray diffraction
experiments. All authors contributed for the composition of the manuscript.

4.2

Abstract
Dissolution of titanium wear particles in the oral environment and their accumulation in

the surrounding tissues have been associated with dental implants (DI) failure. The goal of this
study is to investigate the effect of mechanical forces involved in surgical insertion of DI on the
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surface wear and metal particle generation. It was hypothesized that mechanical factors associated
with implant placement can lead to the generation of titanium particles in the oral environment.
The testing methodology for surface evaluation employed simulated surgical insertion followed
by removal of DI in different densities of simulated bone material. Torsional forces involved in
the insertion and removal of DI were monitored. The surface of the simulated bone materials was
inspected with optical microscopy to detect traces of metallic particles generated during the
procedure. Further characterization of the composition of powders collected from osteotomy
cavities was conducted with powder X-ray diffraction. The results showed that the different
densities of simulated bone material affected the torsional forces associated with implant insertion.
However, the mechanical factors involved in the implant insertion/removal procedure did not
generate wear particles as confirmed by powder x-ray experiments.

4.3

Introduction
The ability of titanium to osseointegrate propelled the titanium (Ti) dental implants (DI)

industry into accelerated development and commercial success. 1 In the US, approximately 500,000
patients undergo surgical insertion of DI every year7 with reported success rate of about 95%.144
It has been demonstrated that the success of an implant depends on bone quality and volume, periimplant clinical parameters and implant stability. 39,40 It can be noted that bone quality and the
degree of surgical trauma are correlated with biological failure of implants. 51 Higher ratio of
compact to trabecular bone in the mandible leads to higher survival rates of implants inserted in
the anterior mandible than in the maxilla.145 In addition, bone density along the same jaw can vary
considerably. For example, the density of bone in the mandible is reported to vary from 0.31 g/cm 3
43

to 0.55 g/cm3. 146 Clinical failures of dental implants have also been associated with early postsurgical stages where blood supply, bone healing and primary stability play a key role. 147
In order to promote successful osseointegration and faster bone healing, various types of
surface treatments can be imparted on the surface of DI. These include surface blasting, acid
etching, plasma spraying and anodization among others.20 These surface treatments could generate
loose titanium particles in bone tissues.148 The release of abraded wear particles depends on the
structure of the surface, roughness and topographical configuration.149 It has been suggested that
increased surface roughness may enhance the progression of peri-implantitis. 150 Peri-implantitis is
the continuous loss of bone surrounding an osseointegrated DI due to destructive inflammatory
reactions.101 There is an increasing prevalence of this clinical condition leading to failure of DI. 151
There are several potential etiological factors for peri-implantitis 97,105,106,108,109, among which
titanium particles release remains a potential cause for peri-implant disease. 35 The accumulation
of titanium particles and ions in tissues surrounding implants has been reported in the literature. 36,37
These free titanium ions were shown to form complexes with native protein leading to type IV
hypersensitive reaction.152 This allergic reaction was confirmed in a study involving 1500 patients
with dental implants.153 It was also reported that failure of implants can occur to patients who are
sensitive to any other metals.154
Release of titanium may occur even before functional loading of an implant. Insertion of a
dental implant can cause friction and abrasion against hard tissues. 45 Dynamic localized spots are
randomly created during insertion procedures, which can generate areas of stress concentration
that may compromise the integrity of surface features and release metal particles. 46 Previous invivo studies have shown the effect of insertion and dissemination of titanium particles to lymph
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nodes155, distant organs of the body in beagle dogs156 and in sheep47. Cellular uptake and
subsequent lysosomal degradation may occur leaving some partially degraded particles so that
subsequent transport into local blood vessels and to distant organs is likely. 47 Previous research
also reveals that insertion procedures can release up to 0.5 mg of particles at bone-implant
interfaces.46 It has been reported that only 0.2-0.3 mg of loose titanium particles is required for
triggering aseptic loosening of implants.157,158
The possibility of titanium wear from implant insertion procedures contributing to periimplantitis make it important to develop a better evaluation of the potential for surface exfoliation
during implantation. Therefore, the primary goal of this work is to evaluate the effect of surgical
insertion of DI in different densities of simulated bone materials. The current study considers a
worst case scenario of effects of insertion and removal of an implant on the pre-mature exfoliation
of titanium. Microscopy was carried out to evaluate the surface features of the osteotomy sites post
extraction of implants from simulated bone materials, and powder X-ray diffraction was used to
determine the composition of wear products generated during the procedures.

4.4

Methodology

4.4.1

Materials
Sixteen (Straumann USA LLC, Andover, MA) sand blasted, large grit and acid etched

(SLA) freshly packaged commercial DI consisting of two groups were used for the in-vitro
insertion testing. No additional surface treatment, cleaning or sterilization procedure were
performed after opening the implant package. Group 1 consisted of 8 (4.8 x 7.0 mm) and group 2
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consisted of 8 (4.1 x 6 mm) dental implants. Polyurethane foam blocks of different densities,
referred to as sawbones (Sawbone Inc., Vashon, WA), were used as the simulated bone materials.
A simulated bone material was used because of variations in qualities and densities found with
natural bones, which could affect the reliability and validity of the results. 159 Also, polyurethane
foam blocks are the ASTM recommended material substitute for bone because of its anisotropy
and heterogeneity. In addition, these materials are available in composite models. 160 Four different
densities 10, 20, 30 and 40 Pounds per Cubic Foot (PCF) of sawbones were selected to simulate
the varying bone densities of the population receiving DI. Misch classification of bone density161
is elaborated on Table 4.1.
Table 4.1. Misch’s classification of sawbone with respect to natural bone density.

4.4.2

Sawbone Density
(PCF)
10

Bone density (g/cm3)

20

0.32

30

0.48

40

0.64

Medium density (D2)

50

0.80

High density (D3)

0.16

Representative bone
quality
Low density bone (D1)

Implant Insertion
Sawbone of each density (10, 20, 30, 40 Pounds per Cubic Foot (PCF)) were cut in blocks

of 50 mm x 25 mm. Each density investigated received insertion of two dental implants. The
preparation of implant site and insertion were performed following actual surgical procedures and
using surgical instrumentation as illustrated in Figure 1. Two "osteotomies" were drilled in each
sawbone block using a standard surgical drill sequence (round burr, 2.2 mm, 2.8 mm and 3.5 mm
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drills). After insertion of two implants in these "osteotomies", each implant was de-torqued using
a torque wrench and removed from the block. The procedure is summarized and illustrated in
Figure 4.1. The torque required for the insertion and removal of the specimens was monitored
with a standardized surgical torque wrench, which has an upper limit of 60 N.cm.

Figure 4.1. Sawbone block prepared for implant insertion testing and schematics of full cycle of
insertion and removal of an implant.

4.4.3

Surface Analysis
The surface of the insertion site in the sawbone blocks was analyzed with digital optical

microscopy post-testing (Keyence VHX 2000, Itasca, IL). The analysis was performed to verify
the presence of particle debris or other features that may have been caused by insertion or removal
of the implants. Then, the blocks were sectioned transversally for further microscopic and
diffraction analysis. For each density of sawbone block (10, 20, 30 and 40 PCF), two implants
were subjected to insertion/removal procedures. Post-implant removal, powdered samples
extracted from sawbone osteotomy walls were characterized by powder X-ray diffraction (XRD)
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(Bruker, D8 Advance Power X-ray Diffractometer) operated at 40 kV and 30 mA with a Cu Kα
radiation source equipped with a Lynxeye XE detector. X-ray diffraction data were collected using
Bragg Brentano geometry from 10° to 80° using a step size of 0.02 at a rate of 0.1 second per step.
Control samples (powdered sawbone block material that did not come in contact with an implant)
were also evaluated with XRD for comparison with the material obtained from the
insertion/removal test.

4.5

Results

4.5.1

Implant insertion
The normal recommended torque for implant insertion by the manufacturer is 35 N.cm.

Table 4.2 shows the measured insertion and removal torques during insertion of the two groups
of implants using increasing densities of sawbones. The insertion torque for both groups of
implants in 10 & 20 PCF was less than or equal to 20 N.cm. The 30 PCF materials provided the
ideal conditions for group 1 and 2 implants to be inserted with an insertion force of 35±5 N.cm.
The maximum torque of 60+ N.cm was recorded for the insertion of group 1 (4.8x7.0 mm)
implants in 40 PCF block, whereas a lesser force of 50 N.cm (in 40 PCF) was needed for group 2
(4.1x6.0 mm) insertion. Removal torque was the same as the insertion torque with respect to each
implant in group 1, while group 2 implants involved a lesser removal torque compared to the
insertion procedure. It is clear from the results that insertion and removal torsional forces increased
with an increase in sawbone density (from 10-40 PCF). It should be noted that insertion of group
1 (Table 4.2) dental implants in 40 PCF foam blocks was difficult due to the compact density of
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the material, therefore only 3 mm of the implant body could be inserted. This was reflected in the
torque required for insertion and removal, which was more than the actual limit (60 N.cm) of the
torque wrench. The procedure simulated actual insertion and removal of a dental implant. Note
that the low density materials (10 and 20 PCF) were selected to simulate soft (cancellous) bone,
while denser sawbones simulated the properties of hard (cortical) bone. The test could not be
performed with sawbone material of 50 PCF density because insertion of the implants in such
dense material proved to be impossible. Hence, 30 and 40 PCF materials were considered as
representatives of hard bones. The density of 30 and 40 PCF was equivalent to the range of bone
densities in the mandibular region, which range from 0.31 g/cm3 to 0.55 g/cm 3.
Table 4.2. Torsional forces measured during insertion and removal of dental implants in/from
sawbones of increasing densities. Results for two implant specimens (#1 and #2) per density group
are illustrated.
Sawbone
density (PCF)

Insertion
Removal
Insertion
Torque #1
Torque #1
Torque #2
(N.cm)
(N.cm)
(N.cm)
Group 1: Dental implants (4.8 x 7.0 mm)

Removal
Torque #2
(N.cm)

10

-15

-15

-15

-15

20

20

-20

20

-20

30

30

30

35

35

40

60+

60+

60+

60+

Group 2: Dental implants (4.1 x 6.0 mm)
10

<15

<15

<15

<15

20

15

<15

15

<15

30

35

30

40

30

40

50

35+

50

30
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4.5.2

Analysis of sawbone
Microscopic analysis of sections of sawbone blocks showed presence of exfoliated

materials deposited on the osteotomy walls of the testing blocks. Figures 4.2a and 4.2e and
Figures 4.2b and 4.2f show aggregate of particles (arrow marks) on the 10 PCF and 20 PCF blocks,
respectively. Figures 4.2c and 4.2g and Figures 4.2d and 4.2h show much more scattered spread
of particles (arrow marks) on the surface of 30 PCF and 40 PCF blocks. The particles appeared to
be of metallic nature due to the dark coloration when macroscopically inspected. The same trend
was seen in both groups of dental implants. Therefore, powdered samples from the sections of the
sawbone blocks containing these particles were further characterized by powder XRD for
confirmation of materials composition.

Figure 4.2. (a-d) Group 1 dental implants; (e-h) Group 2 dental implants. Particle deposition
(marked with black arrows) observed in the site of insertion (osteotomy) post removal of implants
in sawbone of different densities (a, e) 10 PCF; (b, f) 20 PCF; (c, g) 30 PCF; (d, h) 40 PCF.
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Diffraction analysis of the powdered samples extracted from the sites of blocks inserted
with the implants investigated did not show any presence of metal traces, specifically titanium or
other alloy components as shown in Figures 4.3 and 4.4. The XRD analysis of all specimens
investigated from the different sawbone densities or groups showed similar diffraction patterns to
those of control samples. Figure 4.3 shows diffraction patterns of Group 1, where the red and blue
traces represent the diffraction patterns of specimens collected from two implant cavities of each
density of sawbone blocks. The black trace refers to the diffraction pattern of the control specimen
extracted from blocks that were not subjected to insertion/removal of implants. It can be noted that
diffraction patterns are not significantly different from the control sample.

Figure 4.3. X-ray diffraction patterns of ground specimen extracted from sawbone blocks with
densities of (a) 10 PCF; (b) 20 PCF; (c) 30 PCF; (d) 40 PCF subjected to insertion/removal of
Group 1 implants. Red and blue trace represents two specimens obtained from sawbone extraction
from the site of insertion (osteotomy) post removal of implants. Black trace represents sawbone
specimen which was not subjected to insertion of implant.
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Figure 4.4 shows four diffraction patterns for each sawbone block density post–removal of Group
2 implants. Two curves (red and blue) belong to the powdered sawbone specimen extracted from
the two implant cavities. The third curve (green) was an additional sawbone sample with a
combination of powdered specimen from both implant cavities. This was done because the
dimension of Group 2 implants was small and the area that was available for sample extraction
was limited. Hence, to confirm and eliminate the possibility of titanium dispersion, an additional
specimen was analyzed. The fourth curve (black) was the control sample. As in Group 1, XRD
patterns of Group 2 and microscopy analysis confirmed that the particle deposition observed on
the blocks were not of metallic nature.

Figure 4.4. X-ray diffraction patterns of ground specimen extracted from sawbone blocks with
densities of (a) 10 PCF; (b) 20 PCF; (c) 30 PCF; (d) 40 PCF subjected to insertion/removal of
group 2 implants. Red and blue trace represents two specimens obtained from sawbone extraction
from the site of insertion (osteotomy) post removal of implants. Black trace represents sawbone
specimen which was not subjected insertion of implant.
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4.6

Discussion
This study evaluated the effect of mechanical forces involved in the surgical insertion on

the surface of dental implants, using sawbones of several densities to simulate insertion in bones
of varying densities. It was hypothesized that insertion forces could induce premature breakage of
the titanium oxide layer, resulting in particle debris generation. Wear debris depositing in
surrounding tissues can induce an inflammatory response if debris remain in the implantation
site.35–37
Insertion test showed the incremental torque required for implant insertion/removal with
increasing density of the sawbone material used, as expected. This is in agreement with previous
studies where insertion test was performed to understand the primary stability of the implant. The
maximum insertion and removal torque previously recorded was 115.2 ± 31.1 N.cm and 102.9 ±
36.4 N.cm, respectively, for an etched implant using undersized technique. 162 In our study, the
maximum torque experienced was 60+ N.cm recorded for Group 1 implants inserted in 40 PCF
sawbone blocks. This was less than the reported maximum because the implant was torqued inside
until reaching the maximum limit of the surgical torque wrench (60 N.cm) used for this study. In
another study, the insertion torque required for placing an implant in 40 PCF sawbone was
recorded to be approximately 31.7 ± 7.53 N.cm.163 In this experiment, the insertion torque for
inserting an implant in 40 PCF ranged between 30-60+ N.cm over two different groups of implants
with varying dimensions. Implant dimension has been suggested as one of the important implantrelated factors affecting insertion torque.164 In addition, clinical studies have established several
factors in-vivo that could affect the insertion torque such as: (i) implant flanges impinging on
crestal cortical bone, (ii) implant bottoming out at a base of prepared bone, (iii) engagement of
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lower cortical bone layer by apical portion of implant, (iv) generation of friction as full length
inserts into bone and (v) resistance of interfacial bone to local compression in a tapered implant. 165
Insertion torque is also a very important parameter in the surgical insertion of dental
implants as excessive forces, exceeding physiological limits, can lead to bone resorption and
implant failure due to pressure induced necrosis.166,167 Clinical results indicate that insertion
torques of about 40 N.cm increases the success rate of implants. 20 In the present study, it was noted
that implant removal torques were equal to (or) less than insertion torques. This was correlated
with a previous study under similar scenario, where the restricted viscoelastic property of
surrounding artificial bone was considered as the main reason. 168 The removal step performed with
the implants in this study was not meant to replicate actual surgical removal of an implant, but it
was conducted to remove the implant and expose the osteotomy site for further analysis. It also
provided a worst case scenario for titanium exfoliation, because the implant was subjected to both
insertion and removal forces.
Microscopic analysis of the surface of the sawbone blocks post-experiment showed particle
deposition (in the form of black deposits) surrounding the implant "osteotomy". These particles
were concentrated in the 10 and 20 PCF blocks and deposition was observed to be more scattered
with the 30 and 40 PCF blocks, as illustrated in Figures 2 (a-h). Inspection of the particles raised
the question whether the particles were metallic or polyurethane (from friction of the implant
against the sawbone walls) in nature. It is important to understand the nature of particles deposited
on the sawbone surface because metallic debris has been observed in peri-implant tissues and periimplantitis biopsies. Dissolution of metal ions in the oral environment has been considered one of
the triggering factors for peri-implantitis and also has been shown to trigger type IV
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hypersensitivity.35,152 Synergistic effects of bacterial biofilm and occlusal overloading in the oral
environment has been considered as a triggering factor for surface degradation. 35 Thus, it is
essential to understand the effects of abrasion of the implant surface against bone during surgical
insertion procedures. Hence, powdered samples were obtained from the sawbone blocks and were
further inspected with XRD. The diffraction patterns of all powdered samples showed curves
similar to the control sample. Hence, it was confirmed that the powdered samples contained no
traces of Ti or Ti oxide with all the sawbones densities (10-40 PCF) investigated, as shown in
Figure 3 (a-d). Thus, it can be concluded that particle deposition shown in the microscopic analysis
(Figure 2a-2h) was not from titanium wear but rather polyurethane (sawbone material) debris. The
debris could have resulted from the drilling performed for preparation of the implant site. The
particle deposition could have also resulted from the frictional effect generated against the surface
of the sawbone walls during implant insertion.
The results of this study indicate that the likelihood of prematurely damaging the surface
of a dental implant with a sand blasted, large grit, acid etched surface and inducing metallic particle
debris during insertion procedures may be low. These observations were purely based on
microscopy and diffraction results, therefore future testing is warranted to evaluate the occurrence
of such phenomenon using dental implants with different surfaces and additional techniques. This
is study is part of a series of testing conditions that will investigate the effect of mechanical and
electrochemical factors on the surface of dental implants. Future studies will include evaluation of
the synergistic effects of bacteria and mechanical loads, as well as their individual roles, on
triggering corrosion and wear of the surface of dental implants.
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4.7

Conclusion
An in-vitro evaluation of premature exfoliation of metallic particles during surgical

insertion of dental implants in different densities of simulated bone material was carried out. The
results clearly showed that different bone densities can affect the mechanical forces associated
with the insertion procedure. The torsional insertion was hypothesized to generate titanium oxide
particles due to abrasion during insertion. However, XRD analysis confirmed that there was no
premature exfoliation due to the implant insertion procedure. The evaluation of sources of metallic
particle generation is critical, given recent studies has shown that metallic ion and particles
released from implant surface can contribute to inflammatory processes.
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CHAPTER 5
CAN TITANIUM DENTAL IMPLANTS UNDERGO CORROSION DURING
INSERTION PROCEDURES?
5.1

Abstract
Patients’ bone quality is a significant factor that can heavily influence dental implant (DI)

performance, longevity, and stability. Insertion torque due to bone density and quality may be a
contributing factor to metal-ion dissolution. Thus, the primary goal of this study is to evaluate
corrosion kinetics post-titanium (Ti) DI insertion to further clarify the mechanism of metal
exfoliation during insertion procedures. It is hypothesized that implant insertion with higher
density material will weaken the oxide layer, and increase the susceptibility towards metal-ion
dissolution. The study employed implant insertion procedures using bone simulating materials of
two different densities. In summary, DI’s were surgically inserted into low (20 Pounds per Cubic
Foot (PCF)) or high density (40 PCF), pre-sectioned, simulated bone material blocks. Immediately
post-insertion, the bottom halves of the inserted DI were exposed to an electrochemical cell and
subjected to corrosion tests such as open circuit potential (OCP), linear polarization resistance and
anodic Tafel analysis. Results revealed that the corrosion potential (Ecorr), polarization resistance
(Rp), and corrosion rate of un-tested fresh DI, and DI subjected to insertion in 20 PCF and 40 PCF
did not have any significant differences. It was concluded that insertion procedure did not lead to
corrosion, which was consistent with a previous study which concluded that there was no metal
release due to insertion.
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5.2

Introduction
Commercially pure titanium (cpTi) dental implants (DI) are widely used due to several key

properties17,80,169, they are highly biocompatible, corrosion resistant, and contain an excellent
biomechanical interface. Upon exposure to oxygen, titanium readily forms an amorphous, porous
oxide layer (TiO2) on its surface. If damaged, the oxide layer has the ability to repassivate, or
spontaneously reform, given satisfactory physiological conditions. 17 This oxide layer facilitates
osseointegration and provides a physical barrier preventing accelerated corrosion of the bulk to the
surrounding tissues. However, implant micromotion, overloading, acidic pH conditions, and other
harmful factors can contribute to the breakdown of this oxide layer and dissolution of metal ions
in the peri-implant tissue.35 The oral environment is complex in nature with varying environmental
conditions that expose the surface to temperature and pH changes. 34 In addition, in vivo, these
devices encounter bacteria during the initial healing period and later after osseointegration has
been established, and once functional they are subjected to mechanical occlusal forces. 170 Even the
surgical placement of dental implants in the maxilla or mandible involves application of torsional
forces.39 This can result in mechanical abrasion between the implant surface and hard tissue. 45
Among the several events that can affect the surface of dental implant post-implantation,
which in turn may trigger a host response, metallic particles produced during insertion procedures
have been recently discussed to be associated with mechanisms leading to peri-implant bone
loss.171 Frictional forces generated during the insertion procedure have the potential to undermine
the oxide layer, thereby increasing the susceptibility of the surface towards metal-ion dissolution. 45
This release of metallic particles can lead to complications in the surface-tissue interface, and can
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ultimately lead towards implant failure.29,38,127 Previous in vitro and in vivo studies have reported
instances of particle release due to the insertion of DI. 46,47,155,156,172
Therefore, the possibility of particle release makes it important to understand the
electrochemical behavior of dental implants inside bone immediately post-insertion. The torque
required for insertion has been regarded as one of the important factors that modulates primary
stability.40 Primary stability is governed by factors such as bone quality and volume, peri-implant
clinical parameters, and implant stability.39,40 Bone quality has been one of the important factors
that determines the insertion torque and, a poor bone quality has been reported to result in early
implant failure.51 It has been well established that denser bone would require higher insertion
torque.162 However, there have not been studies which have tried to answer whether different bone
densities could lead to surface degradation. Therefore, this study provided an in vitro testing
protocol to understand the effect of insertion procedures in simulated bone material of different
density extremes representing soft, and hard bone tissues.
The overall goal of this study is to design and perform in vitro electrochemical testing of
DI inserted in simulated bone materials to evaluate corrosion kinetics of DI post-insertion. This
study was based on the hypothesis that the insertion procedure will cause abrasion of the TiO 2
leading to corrosion, and loss of surface passivity. The increasing bone density is expected to
further exacerbate this surface degradation process. To evaluate this condition, DI were inserted
in pre-sectioned blocks simulating soft- and hard- bone. Post-insertion the sectioned blocks were
removed to expose the surface to a series of standard electrochemical tests such as open circuit
potential (OCP), linear polarization test, and anodic Tafel analysis.
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5.3

Materials and Methods
A total of nine implant specimens (commercially packaged, sand blasted, large grit, acid

etched (SLA) cpTi dental implants (Straumann LLC., Andover, MA) (4.1 x 10 mm)) were used in
this study. Implants were evenly split into three groups. Group 1 consisted of freshly packaged
implants which were not subjected to insertion. Group 2 and Group 3 implants were inserted into
the pre-sectioned 20 Pounds-per-Cubic-Foot (PCF) and 40 PCF sawbone blocks (Pacific Research
Laboratories, Inc., Vashon Island, WA), respectively. 20 and 40 PCF sawbone blocks were chosen
to mimic the density of soft and dense bone, respectively. Blocks were pre-sectioned into a top
half, a lower-bottom right quarter, and a lower-bottom left quarter as shown in Figure 5.1.

Figure 5.1. A scheme illustrating simulated surgical insertion procedure performed in this study.

Post-insertion, the bottom halves of the sawbone blocks were removed to expose the
bottom 6 mm portion of the DI to Hank’s salt solution (1X, pH 4.5, 22°C); this medium was used
to better mimic the tissues’ osmotic and pH environment that the implant comes into contact with
during the insertion procedure. This model can be shown below in Figure 5.2.
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Figure 5.2. Three electrode electrochemical cell setup of a dental implant post-insertion.

Open circuit potential, polarization resistance, and anodic Tafel were then performed
sequentially for each implant using a Potentiostat (Interface 1000, Gamry Instruments). The opencircuit potential was monitored first for 1 hour with a 0.5s sampling period in order to ensure the
system reached electrochemical equilibrium, and measured the thermodynamic stability of the
oxide layer.
The final OCP reading was recorded as the corrosion potential (Ecorr). Afterwards, linear
polarization was performed at a scanning rate of 0.1667 mV/s from -10 to 10 mV in relation to
Ecorr. This yields the impedance of the implant, and directly measures the corrosion resistance.
Following linear polarization, anodic Tafel testing was conducted from the Ecorr with an anodic
scan of 1 mV/s to + 0.25 V above Ecorr. Results from the anodic Tafel procedure were used to
calculate the relative corrosion rate for each sample. One-way ANOVA was performed to
understand the statistical significance of the electrochemical test results among the three groups of
dental implants.
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5.4

Results
As shown in Figure 5.3, there were no significant differences (p > 0.05) in the

electrochemical test parameters measured between the control, and specimens inserted in 20 PCF
blocks and 40 PCF blocks. The average Ecorr values of implants inserted in 20 PCF, 40 PCF, and
control were all on the positive side. Implants inserted in 40 PCF had the highest corrosion
potential. One of the implants inserted in 20 PCF sawbone block exhibited the lowest Ecorr value
of –50 mV. The average polarization resistance (Rp) of all the specimens were in the range
between 5 MΩ to 12 MΩ. The Rp values were comparable among the groups. Control had the
highest average polarization resistance value of 7.03 MΩ. 20 PCF specimens had a higher average
Rp values compared to the 40 PCF specimens. The average corrosion rate of implants inserted in
20 PCF blocks was higher than those inserted in 40 PCF blocks, and control samples. Control
displayed the lowest average corrosion rate. In summary, all three groups of dental implants
exhibited similar corrosion characteristics,

while

DI inserted into 40 PCF blocks tended to have

marginally better corrosion resistance, as displayed by the E corr and relative corrosion rates
between groups.

Figure 5.3. Corrosion testing results from control specimens (n = 3), and implants inserted into
20 PCF (n = 3) and 40 PCF blocks (n = 3).
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5.5

Discussion
More than 50% of dental implant failures have been reported to be early stage, caused by

a lack of osseointegration.52 Bone quality, along with surgical trauma, premature loading, and
bacterial infection have been considered as major factors that can result in premature implant
loss.85 In particular, bone quality have been mentioned to play a major role in the primary stability
of the implant.163 Bone quality is nothing but the bone density (or) bone volume provided for an
implant placement. Bone density varies even within maxilla and mandible. 146,173 This property
have been known to affect the insertion torque associated with the surgical placement of dental
implants.40 Based on bone density, different bone types have been classified.161 Previous research
have established that insertion torque increases with increasing bone density. 162
The process of mechanical placement of dental implants have been reported to result in
shear stress related detachment of Ti particles.148 Wear debris has been shown to be released from
most of commercially used implant surfaces such as smooth turned 148,174, grit blasted/acid
etched148, plasma sprayed45,137,148,175, and anodized46,176. However, most of the studies refer to the
fact that rougher surfaces have higher tendency to release surface particles. 46,47,176 Studies from
Schliephake et al174., and Weingart156 et al., were focused on the dissemination of metallic wear to
other body organs. It has been mentioned that the concentration of the particulates would be more
in the peri-prosthetic region during the immediate post-insertion stage, while it tends to
disseminate to other body organs over time. Later studies from Frisken et al., demonstrated that
insertion would not result in particle generation, stating that successful implants are safe, and
would not undergo surface damage due to insertion.47 In the same study, 2/12 implants failed, and
elevated concentration of Ti were observed in the lymph node region, thus it was hypothesized
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that sensitivity to Ti resulted in both particle release and failure. 47 While most of in vivo studies
were of the notion that plasma sprayed, and rougher surfaces could increase particle generation
during insertion of dental implants45,137,148,156,175, Wennerberg et al., observed that there was no
significant change in particle release with respect to surface treatments. 177 Recent in vitro studies
from Senna et al., and Pettersson et al., have quantified that the insertion procedure could result in
0.5 mg to 2.8µg of Ti particle release.46,176 Most of these studies predominantly supported particle
release in the peri-implant tissues as a result of surgical placement of dental implants. However, a
contradicting view was presented in an in vitro insertion study, in which dental implants were
inserted in sawbone polyurethane blocks of increasing density (10, 20, 30, and 40 PCF). 178 In that
study, post-insertion and removal of implants, the peri-implant block materials were characterized
with powder x-ray diffraction (XRD).178 XRD revealed that the insertion procedure did not result
in premature surface exfoliation irrespective of the bone simulating material density. 178
Peri-prosthetic accumulation of wear debris has been suggested to affect hard- and softtissue integration with the implant material.38 Metallic particulates have been considered as one of
the multiple factors involved in the loss of balance between bone formation and resorption. 179
Modeling and remodeling balance is more critical in the early stages of osseointegration because
it is the time period when bone is in highly dynamic modeling phase.148 More recently, it has been
assumed that particles release during insertion could lead to accumulation of wear debris in the
peri-implant that could trigger an un-favorable host response resulting in late stage peri-implant
bone destruction.180 In an event to bridge this gap, few investigations studied, and reported that 0.3
mg to 5 mg of loose Ti particles can induce osteolytic activity at 7 to 10 days. 157,158 Although, after
16 weeks the peri-implant bone did not show any signs of bone resorption, and a few reminiscent
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particles were witnessed.181 The general trend that could be deducted from these previous insertion
studies was that the release of wear debris immediately post-insertion was not followed by
subsequent dissemination of particulates in the peri-implant tissues. 45,47,156 It is well known that
one of the characteristics of cpTi is that wear could be overcome by repassivation (or) reformation
of the surface TiO2 layer under favorable physiological conditions with sufficient availability of
oxygen.17 When an oral implant is placed, chemistry, physical state, and electrochemical potential
of the material determine the severity of chronic inflammatory response. 182 While past research
have shed some light regarding the chemistry and physical state, there has not been any study
which tried to understand electrochemical potential of the device following surgical placement.
Therefore, the main goal of this study was to understand the surface corrosion resistance
of dental implants immediately post-insertion in different densities of bone-simulating material.
The study premise was based on the hypothesis that the insertion process would damage the
surface, which would in turn affect the corrosion resistance of the implant material. The results of
this study demonstrated that the insertion procedure performed on soft and hard tissue-simulated
bone materials did not cause any significant change in the corrosion (or) electrochemical properties
of the implant surface, which disproves the initial hypothesis. In all electrochemical tests
performed, results exhibited no statistical differences between specimen groups. All groups
exhibited positive Ecorr values (Figure 5.3A), which indicated a thermodynamically stable oxide
layer on the implant surface. As these values become more positive, the oxide layer thickness tends
to increase, facilitating overall corrosion resistance. Dental implants post-insertion in 20 PCF
blocks showed lower average Ecorr values compared to control and 40 PCF samples. While
specimens inserted in 40 PCF blocks had the highest average Ecorr. Even though there was no
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significant difference between the groups investigated, an increasing trend could be observed with
Ecorr values with increasing density of blocks in which they were inserted. An inverse trend
consistent with the Ecorr results could be observed in the corrosion rate (Figure 5.3C) of the
implants. Average corrosion rate of control implants < implants inserted in 40 PCF blocks <
implants inserted in 20 PCF blocks. This could be attributed to the soft, porous and loosely packed
nature of 20 PCF blocks which would have resulted in an increased exposure of the surface to the
electrolyte. Whereas insertion in higher dense 40 PCF blocks could have resulted in wedging of
the sawbone materials onto the surface decreasing the exposure, and resulting in better corrosion
resistance compared to the other groups. The surface integrity displayed by implants in this work
after being subjected to insertion corroborated the results of a previous study178, which stated that
insertion procedure will not inflict damage to the surface (or) to the integrity of the TiO 2 layer. It
is important to note that in the previous study, implantation of dental implants in 40 PCF blocks
required insertion forces of more than 60 N.cm.178 Most importantly, it was observed that even the
torsional forces, which were higher than manufacturer recommended values, did not result in
surface exfoliation.178 This is contradictory to the previous literature data, which have reported
that wear is expected due to the surgical placement of dental implants. It should be taken into
consideration that most of the in vivo studies were performed during 1993–2006, when most of the
particle release observations were reported for titanium plasma sprayed (TPS) implants. 45,137,148,156
On the other hand, particle release was not witnessed when implant surfaces other than TPS
implants were involved in another study.47 TPS surface treatment has not been predominantly
employed more recently. However, more attention need to be given to two recent in vitro studies,
which have quantified the amount of metallic debris present in peri-implant tissues post-
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insertion.46,176 One of the studies used cow ribs while the other employed pig mandibles. The
quantification technique should also be reviewed. Senna et al., used a volume reduction technique
with respect to the change in surface roughness post-insertion, and mathematically quantified Ti
release.46 Pettersson et al., utilized atomic emission spectroscopy (AES) to quantify, and claimed
that this technique provided more accurate calculation of Ti release than the quantification used in
Senna et.al.176 The one last factor is the surface treatment employed on these dental implant
materials. In this study, SLA surface modified implants were subjected to insertion and
electrochemical characterization, while AES quantification were performed on peri-implant bone
regions, which contacted anodized implants.176 The major advantage of this study is the
development of in vitro protocol based on ASTM standardized bone substitutes, which could more
correlated with maxilla/mandible bone density. 161,183 Furthermore, this protocol may increase the
reliability, accuracy, and consistency of results in future experiments. One limitation of this study
was that only SLA surface implants were tested. Future studies on other commercially available
surface modifications and materials would widen the knowledge on the effect of surgical insertion.

5.6

Conclusion
In this study, an in vitro methodology was developed to understand the status of the oxide

layer and corrosion kinetics of dental implants immediately post-surgical insertion procedure.
Earlier studies have reported the possibility of surface damage due to surgical insertion leading to
metallic particle dissolution in the peri-implant tissue. However, this study reiterated the
contradictory view established in a previous in vitro study that the dental implant surface remains

67

intact after the insertion procedure. This research further concluded that there was no negative
effect on the oxide layer and the resulting corrosion kinetics.
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CHAPTER 6
MULTIFACETED ROLES OF ENVIRONMENTAL FACTORS TOWARD DENTAL
IMPLANT PERFORMANCE: OBSERVATIONS FROM CLINICAL RETRIEVALS
AND IN VITRO TESTING
6.1

Abstract
Oral bacteria and periodontal pathogen have been predominantly linked with early- and

late- stage failures of titanium (Ti) dental implants (DI) respectively. This study is based on the
hypothesis that bacterial colonization can damage the surface oxide (TiO 2) layer. Early-failed DI
were compared with DI post-in vitro immersion in early colonizing oral bacteria; late failed DI
were weighed against DI immersed in late colonizing anaerobic pathogens. Retrieval analysis:
Seven early-stage failed implants with five of them connected to healing abutments (HAs), and ten
late-stage failed retrievals were subjected to surface analysis. Bacteria immersion test: Three dental
implants each were immersed in polycultures containing (i) early colonizers (Streptococcus
mutans, S. salivarius, S. sanguinis) (ii) late colonizers (Porphyromonas gingivalis, Aggregatibacter
actinomycetemcomitans). The implants were immersed for 30 days to simulate implant healing
period and bacterial biofilm adhesion. Optical microscopy, x-ray photoelectron spectroscopy
(XPS), and electrochemical tests were performed to analyze surface-morphology, chemistry, and
potential respectively. Early colonizers inflicted surface morphological damage (discoloration and
pitting). Even though, XPS detected thinner oxide layer in 2/3 early retrievals, XPS and
electrochemical tests illustrated that the TiO2 layer was intact in HAs, and in DI post- immersion.
Late colonizers also caused similar morphological damage (discoloration and pitting), while
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mechanical wear was evident with scratches, cracks, and mechanical fracture observed in late-stage
retrievals. XPS indicated thinner oxide layer in late- retrievals (3/4), and in DI post-immersion in
late colonizers. This was reflected in electrochemical test results post-immersion but not in the lateretrievals which suggested an intact surface with corrosion resistance. This study concluded that
bacteria could negatively affect DI surface with late colonizers demonstrating more pronounced
damage on the surface morphology and chemistry.

6.2

Introduction
Commercially pure (cp) titanium (Ti) is currently the material of choice for dental implant

applications due to its biocompatibility, mechanical properties, and excellent corrosion
resistance.80,169 Titanium oxidation constitutes the principal reason of its excellent
biocompatibility. Earlier in vitro studies have suggested that Ti oxide (TiO2) can pacify tissuedestroying agents immediately after surgical trauma inherent to implantation by reducing free
radical production.184,185 The original theory of osseointegration rested on the passivation of
implant titanium surface.186 The implant/tissue integration dictated the anchorage of this device
leading to successful biomechanical functioning, and this has been the vital factor for the success
of this device as a predictable treatment.1
A failure rate of 1.9% - 11% has been reported for dental implants. 83,85,166 Failed dental
implants present a significant clinical, psychosocial and financial challenge. 187 Loss of implants
has been categorized into early- and late-stage failures. The former is implant failure that occurs
during initial healing, while the latter failure occurs after osseointegration, both of which have
been extensively reviewed.38 Early implant loss ranges between 0.76% - 7.47%, whereas late
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implant loss is reported between 2.1% - 11.3%.188 Even though multiple biological and implantrelated factors have been discussed in the literature, bacteria have been primarily associated with
both early and late complications.
Bacterial adhesion on the implant surface is the initial step in implant infection. 89 Zhao et.
al and other researchers have described the race for the surface between oral bacteria and human
gingival fibroblasts, which determines the efficiency of sealing of the soft tissue. 2 Early attachment
of

Streptococcus

and

Actinomyces

facilitates

late

colonization

by

Aggregatibacter

actinomycetemcomitans, Porphyromonas gingivalis and Fusobacterium nucleatum, which causes
peri-implantitis and periodontitis.89 Peri-implantitis is a clinical condition resulting in progressive
loss of peri-implant bone, which will eventually lead to implant loss. 151 Currently, systematic
removal of bacteria biofilm and released toxins from the surface through surgical and non-surgical
techniques have been employed to prevent failure due to peri-implant disease. 83 Rising prevalence
of this disease has been estimated to affect 1.2 million implants, which may require therapy. 189
In addition, adhesion/attachment of bacteria on an implant surface can create an acidic
electrochemical condition.29,35,48 Under normal aerated conditions, the TiO2 layer acts as a kinetic
barrier, and provides corrosion resistance.80 However, it is not totally resistant to degradation. A
combination of severe acidic condition and excessive mechanical stresses can permanently damage
the passive layer leading to dissolution of metallic debris to the surrounding tissue. 18,35 Previous
clinical retrieval studies have witnessed Ti and other elements released from Ti implants in periimplant tissues.31,37 In vitro immersion studies in monoculture bacteria, have revealed that both
early and late colonizing bacteria can generate harsh electrochemical conditions and impose
breakdown of the oxide layer.170 Analysis of failed retrieved dental implants suggested that the
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combinatorial role of acidic electrochemical and mechanical factors within the oral environment
can result in the permanent breakdown of passivity leading to the release of metallic particles in
vivo.35
In this study, a novel in vitro bacteria immersion test was developed to understand: (i) the
long-term effect of bacteria polyculture on the surface of dental implants, (ii) the electrochemical
condition provided to the implants by early and late colonizers, (iii) the difference between the
effect of early versus late colonizers on the surface of dental implants, (iv) the correlation of
surface features among clinically failed retrievals, and dental implants immersed in in vitro
bacteria polyculture. The primary aim of this work is to understand the role of bacteria on the
surface of titanium dental implants. To understand the effect of early colonizers, early-stage failed
dental implants and healing abutments were evaluated and compared to implants exposed to a
polyculture of Streptococcus species. Late-stage failed dental implants were compared with
implants

immersed

in

a

microbial

culture

consisting

of

P.

gingivalis

and

A.

actinomycetemcomitans to evaluate the effect of late colonizers. In-depth surface characterization
was carried out using optical microscopy, x-ray photoelectron spectroscopy (XPS), and
electrochemical tests on implant retrievals and implants obtained from in vitro immersion test to
understand surface- morphology, chemistry, and electrochemical behavior.

6.3

Materials and Methods

6.3.1

Materials
A pool of seventeen dental implants were analyzed from clinical retrievals. Consisting of
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eight early- and ten late-stage failed implants, these retrievals were compared with a freshly
packaged, un-used, sand blasted, large grit, and acid etched (SLA) dental implant control
(Straumann LLC., Andover, MA). Five of the eight early-stage failed implants were connected to
healing abutments (HAs), which were compared to their unused controls from respective HA
brands. Retrieved implants and healing abutments were received from a private periodontal
practice (Dallas, TX), with each patients’ consent according to the guidelines of the Helsinki
Declaration. Upon retrieval and storage, there were no identifiers that could be linked to the patient
who donated the implant/abutment. General information on early- and late-failed dental implants
is provided in Table 6.1 and Table 6.2, respectively. Information such as dimension, surface
treatment, and length of implantation, and reason for failure (only for late failures) are also
included.
Ten (Straumann USA LLC, Andover, MA) sand blasted, large grit, acid etched dental
implants (4.1x10mm) were used for the in vitro immersion study. Out of the ten, three dental
implants per group were immersed in two different in vitro polycultures containing 105-107
CFU/mL of: (i) early colonizers (S. sanguinis, S. salivarius and S. mutans); (ii) late colonizers (P.
gingivalis and A. actinomycetemcomitans). In addition, an implant was immersed in A.
actinomycetemcomitans monoculture, which was included in the late colonizers group. An implant
each was used as a negative control (NC) for each of the two groups of microbial cultures. A single
implant specimen was immersed in lactic acid (PC) to serve as a positive control for the early
colonizers group.
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Table 6.1. List of early failed dental implants.
Specimen

Design
(HAs)

Design
(Implant)

Dimension
(mm) (HA)

Dimension
(mm) (I)

Surface
treatment

Implant A (I-A)

RC Conic

RC BL

6.5 x 6

4.8 x 8

SLA

Period of
implantatio
n
3-6 months

Implant B (I-B)

RC Conic

RC BL

6x4

4.1 x 10

SLA

3-6 months

Implant C (I-C)

NC
Conic

NC BL

3.6 x 5

3.2 x 12

SLA

3-6 months

Implant D (I-D)

RC BL

4.1 x 10

SLA

3-6 months

Implant E (I-E)

RC BL

4.1 x 8

SLA

3-6 months

Implant F (I-F)

RC Conic

RC BL

6x4

4.1 x 10

SLA

3-6 months

Implant G (I-G)

RC Conic

RC BL

6x4

4.8 x 8

SLA

3-6 months

Table 6.2. List of late failed dental implants.
Specimen

Dimension
Surface
Period of
Reason for
(mm)
treatment implantation
failure
Implant 1 (I-1)
RN SP
6 x 4.1
SLActive 4 years
Biological
Implant 2 (I-2)
RC BL
10 x 4.8
SLA
6 years
Mechanical
Implant 3 (I-3)
RC BL
6 x 4.8
SLActive 6 years
Biological
Implant 4 (I-4)
WN
10 x 4.8
SLActive 7 years
Mechanical
Implant 5 (I-5)
SP
10 x 4.1
SLActive 17 years
Biological
Implant 6 (I-6)
WN
12 x 4.8
SLActive 8 years
Biological
Implant 7 (I-7)
TL
6 x 4.8
SLActive 6 years
Biological
Implant 8 (I-8)
RN
4.1 x 10
SLA
5 Years
Biological
Implant 9 (I-9)
RN
16 x 4.1
SLActive 8 years
Biological
Implant 10 (I-10)
RN
10 x 4.8
SLActive 8 years
Mechanical
RC = Regular Connection; NC = Narrow Connection; RN = Regular Neck; SP = Standard Plus;
BL = Bone Level; WN = Wide Necked; TL = Tissue Level.

6.3.2

Brand

Methods

Clinical retrieval analysis of dental implant and abutments
A visual inspection was initially performed to detect particular areas of interest and gross
morphological features, and to verify the severity of corrosion present (discoloration, cracking and
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debris). Specimens were then analyzed with a digital optical microscope (OM) to identify surface
features and failure mechanisms. After OM, all specimens were subjected to a cleaning protocol
for complete removal of biological deposits that could have covered important surface features.
They were first cleaned in acetone, followed by cleaning in deionized water and finally 70%
ethanol. For this protocol, specimens were fully immersed in each of the solutions and subjected
to sonication for 1 hour. Microscopy was repeated, and areas of interest of selected implants (3
early- and 4 late-failed implants) were further analyzed with X-ray photoelectron spectroscopy
(XPS) to evaluate the elemental composition and the nature of chemical interactions on the surface.
Four early- and six late-stage failed implants were subjected to electrochemical corrosion testing
to understand the status of the TiO2 layer, and the resulting corrosion resistance.

In vitro immersion testing of dental implants
R OU TIN E

C U L T U R E O F B AC T E R IA

Early colonizers: Early colonizing bacterial strains (Streptococcus mutans, S. sanguinis, S.
salivarius) were cultured on brain heart infusion (BHI) agar plates (BD, Franklin Lakes, NJ, USA).
Plates were incubated at 37oC in a gas chamber with 5% CO2 (BD GasPak). Broth cultures were
incubated at 37oC under aerobic conditions. Bacterial growth was routinely monitored by optical
density at 600 nm (OD600) using a spectrophotometer (GENESYS 20, Thermo Scientific,
Waltham, MA).
Late colonizers: A. actinomycetemcomitans is a facultative anaerobe, therefore it was
cultured using the procedure employed for early colonizers, except that broth cultures were
incubated with 5% CO2. P. gingivalis is an obligate anaerobe, and therefore requires a strict
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anaerobic condition. The anaerobic condition was created with the help of a gassing station
(Figure 6.1). The gassing station had a gas flow system connected to a compressed carbon dioxide
(CO2)/nitrogen (N2) gas cylinder and a vacuum pump. This flow system had ten different outlets
with each outlet consisting of individual tubing, filters, and needles. These outlets could be
connected to ten different anaerobic serum test tubes simultaneously.

Figure 6.1. Gassing station with anaerobic test tubes connected to the outlet channels.

A pre-prepared BHI broth supplemented with hemin proteins, and vitamin K (Fisher
scientific, Hampton, NH) was used as a growth medium for late colonizers polyculture. To prepare
anaerobic media, an aliquot of supplemented BHI broth was transferred to an anaerobic test tube.
Then, the test tube was sealed with a rubber stopper and secured with a crimped aluminum metal
cap. The test tube containing supplemented BHI broth was autoclaved. Immediately after
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autoclaving, the test tube was connected to the gassing station by piercing the needle through the
rubber stopper. Any aeration (or) oxygen present in the anaerobic tube was removed by boiling
the medium under vacuum. After this, CO 2/N2 gas was infused to establish an anaerobic
atmosphere in the test tube. To maintain this atmosphere, any subsequent fluid transfers into and
from the anaerobic test tube were performed by piercing the rubber stopper using a 5 mL syringe
and 22 G needle.
To culture P. gingivalis, 1 mL of supplemented BHI was aliquoted from the anaerobic test
tube into a microcentrifuge tube. Frozen stock of P. gingivalis was directly inoculated into the
supplemented BHI. This inoculated medium was then transferred into the test tube, which was
again connected to the gassing station to re-establish the anaerobic atmosphere. OD 600 confirmed
growth after overnight incubation at 37oC.

I M M E R S IO N

TE S T

Early colonizers: Implants were cleaned and sterilized by a sequence of ultrasonication.
They were sonicated for an hour (i) immersed in 70% ethanol and (ii) immersed in deionized (DI)
water. Prior to immersion testing, the implants were immersed in ethanol and flame sterilized.
After flame sterilization, one implant was immersed in a test tube containing 5 mL of uninoculated BHI broth medium, which served as a negative control (NC). Another implant was
immersed in 5 mL of lactic acid (pH = 5), and was the positive control (PC). Three implants (EC1,
EC2, EC3) were immersed in three separate test tubes with 5 mL each of inoculated media
containing the 105 – 107 CFU/mL polymicrobial cultures (early colonizers). Implants remained
immersed for a period of 30 days at 37o C. This time period served as a simulation for the initial
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healing period66. It has been mentioned that it requires 2-4 weeks for a plaque to mature into a
biofilm190. Hence, this timeline gave ample time period for bacteria to adhere to the surface of the
implants and form a biofilm. While the implants were immersed during the test, the following
procedures were performed once every two days for the entire immersion period of 30 days. 2 mL
of the immersion media was aliquoted and used to perform optical density (OD 600) and pH
measurements. OD600 was measured to check the concentration of bacterial cells, and to ensure
that the un-inoculated control medium was not contaminated. pH observations provided the
acidity/basicity of the immersion media. 2mL of fresh BHI broth was introduced into all test tubes
to provide fresh nutrients for bacterial growth, and to maintain a constant volume of immersion
media.
Late colonizers: A packaged dental implant (Aa) was immersed in a test tube containing 5
mL of 105 to 107 CFU/mL of A. actinomycetemcomitans monoculture grown in BHI. This test tube
was incubated in microaerophilic condition (5% CO2) at 37o C for 30 days. pH and OD600 values
were observed during this immersion period once every two days with the same procedure
followed for implants immersed in early colonizers. A freshly packaged implant was taken out,
and immersed into an anaerobic test tube containing 5 mL of supplemented BHI medium, which
served as a negative control (NC). Three freshly packaged implants (AaPg1, AaPg2, AaPg3) were
immersed in 3 mL of supplemented BHI in three separate anaerobic test tubes. The tubes were
then autoclaved to sterilize the immersion media. After sterilization, the anaerobic condition was
established using the gassing station procedure described above. 1 mL each of 10 6 – 108 CFU/mL
of A. actinomycetemcomitans and P. gingivalis were inoculated into all three of the 3 mL anaerobic
test tubes. After inoculation, steps to re-establish anaerobic condition were performed in the three
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test tubes. The tubes were incubated for 30 days at 37 o C. During this time period, OD600 and pH
of the immersion media were measured from 2 mL of aliquoted samples once every three days. At
the same time, 2 mL of fresh supplemented BHI medium was provided into all four test tubes to
replenish the bacteria and to keep the immersion media volume constant.

Surface analysis of implants
In this study, surface analyses were organized in two groups to understand the effect of
early colonizing and late colonizing bacteria on implants surfaces. Group 1: To evaluate the effect
of early colonizers, implants subjected to in vitro immersion in early colonizers, and early-stage
failed retrievals were grouped together. Group 2: Implants obtained from in vitro immersion in
late colonizers, and late-stage failed retrievals were grouped to assess the effect of late colonizers.
Optical microscopy, x-ray photoelectron spectroscopy (XPS), and electrochemical tests were
performed to analyze surface- morphology, chemistry, and potential, respectively, of the implants.

O P TIC A L M IC R O SC O P Y
Optical microscopy served as a tool to make a general visual inspection and then perform
a detailed evaluation of surface morphology. The microscope (Keyence VHX – 2000) was
equipped with low (5-50x) and high magnification (100-1000x) lens. The low magnification lens
helped in making the preliminary surface assessment and in obtaining a whole view of the entire
implant structure. Morphological surface analyses were performed using the high magnification
lens. This microscope can acquire 3D features using a “depth up” processing technique which is
similar to z-stacking. The 3D images were further post-processed to explain the height profile of

79

the surface with a colored map. The mapping or depth/height profile of the surface provided
valuable qualitative information about surface features such as pitting, delamination and
deformation characteristic of damaged surfaces. In this study, all implant specimens were
subjected to microscopic analysis.
X- R AY P HO TO E L E C T R ON S P E C T R OS C OP Y (XPS)
Areas of interest observed under optical microscope were further characterized with XPS
to evaluate the elemental composition and the nature of chemical interactions on the surface. The
selected implants from group 1 and group 2 subjected to XPS were:
Group 1: Control, I-A with RC HA, I-B with RC HA, I-C with NC HA from clinical
retrievals, and NC, PC, EC1, EC3 from in vitro early colonizer immersion test.
Group 2: Control, I-1, I-2, I-3, I-4 from clinical retrievals, and NC, Aa, AaPg2, and AaPg3
from in vitro late colonizer immersion test.
Experiments were performed with a PHI 5000 Versa Probe II X-ray Photoelectron
Spectrometer. Measurements were taken at an angle of 45° in relation to the sample surface. Areas
scanned in each analysis had dimensions of approximately 200 µm 2. A monochromatic Al Ka
source of 1486.6 eV was used. Two different scanning patterns were employed. They were (i) wide
spectrum (or) survey scan, and (ii) narrow spectrum (or) high resolution (or) elemental scan. The
survey spectra were acquired using 187.850 pass energy and 0.8 eV step size, which provided a
general overview of elements present on the surface. The high-resolution scans were obtained
using 23.5 eV pass energy and 0.200 eV step size. These scans were more specific to the elements
of choice. In this study, since dental implant specimens are made of cpTi, the choice of elements
for high-resolution scans were titanium (Ti), oxygen (O), and carbon (C).
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The above mentioned two types of scans were performed on specimens “as received”. This
scanning was again repeated “after sputtering” the region of interest for 2 minutes using an argon
source (1 kV). The sputtering technique was performed to remove surface contaminants, and most
importantly to investigate surface depth profile. It is known that bulk titanium (Ti) is covered by a
spontaneously formed titanium oxide (TiO2) layer. The sputtering technique can remove the
overlying oxide layer, and expose the bulk titanium, which is governed by the thickness of the
TiO2 layer. This difference between TiO2 and bulk Ti can be identified in a high-resolution
spectrum of Ti with different characteristic peaks at specific binding energies.
A typical XPS spectrum is a plot of X-ray intensity versus binding energy (BE). Before a
more detailed discussion of XPS data, some general information is provided regarding the XPS
profiles of oxygen (O1s) and titanium (Ti2p), which are the main elements investigated in this
study. The XPS spectrum of oxygen consists of a singlet peak and its BE varies according to the
chemical environment in which oxygen molecules are located. For example, it is already
established that when bound to titanium in the oxide layer (TiO 2), the BE of oxygen is around
529.70 ± 0.10 eV 48. However, this BE can be shifted to higher values (530.99 ± 0.15 eV) when
oxygen is in its hydroxyl form (OH), which can occur when either linked to Ti or bound in water. 191
The titanium spectrum is characterized by doublet peaks of Ti2p, which are denominated XPS can
detect four distinct electronic states of Ti2p (Ti2p3/2) with BE values of 453.74 ± 0.32 eV (Ti 0,
metallic state), 455.34 ± 0.39 eV (TiO, Ti2+), 457.13 ± 0.35 eV (Ti3+, Ti2O3) and 458.66 ± 0.22 eV
(Ti4+, TiO2)191. These different values of BE for both oxygen and titanium are important for
probing the chemical environment in which these elements are located as well as their oxidation
states.
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E LEC TR OC H E M IC A L

TEST

Electrochemical corrosion tests of the implants were performed using a three electrode
system potentiostat setup (Interface 1000, Gamry Instruments) in order to understand the surface
potential and corrosion kinetics. Corrosion tests modified from ASTM F-2129 were employed on
chosen implants from both groups.
Group 1: Control, I-D, I-E, I-F, I-F RC HA, I-G RC HA from clinical retrievals, and NC,
PC, EC1, EC2, EC3 from in vitro early colonizer immersion test.
Group 2: Control, I-5, I-6, I-7, I-8, I-9, I-10, I-11, I-12 from clinical retrievals, and NC Aa,
AaPg1, AaPg2, AaPg3 from in vitro late colonizer immersion test.
Specimens were mounted with alligator clips. This contacting region was electrically
insulated from exposure to the electrolyte using electrical tape and subsequently applying
commercial insulating lacquer (Miccrostop, Tolber Chemical Division). An implant body of a
specific area was immersed in 1X phosphate buffered saline (PBS) maintained at 25°C, which
served as a working electrode. A standard three-electrode electrochemical cell was assembled with
a graphite rod as the counter electrode and saturated calomel electrode as the reference electrode.
For each specimen, the open-circuit potential was first monitored for 1 h, and the last value
measured was recorded as the corrosion potential (Ecorr). Next, each specimen was polarized from
-10 to +10 mV vs. Ecorr at rate of 0.1667 mV/s and plotted against the resulting current on linear
axes, and the slope of best-fit line through this curve was recorded as the polarization resistance
(Rp). Afterward, each specimen was subjected to polarization linearly sweeping from 0 to 250 mV
vs. Ecorr at a scan rate of 1 mV/s. Semi-logarithmic plots of the applied potential vs. logarithmic
current exhibited linear behavior in the active region of curve, which when extrapolated to Ecorr
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yielded the corrosion current, Icorr. Based on Icorr, the resulting corrosion rate (CR) was
calculated using equations derived in ASTM G102-89.

6.4

Results

6.4.1

Optical microscopy
Surface features of clinical retrievals and in vitro immersed implants were first evaluated

with optical microscopy. Morphological features such as discoloration, scratches, rusting, pitting,
mechanical fracture, and surface etching were revealed.
Control
Figure 6.2 comprises of images of the surface of a dental implant that was taken out from
a fresh packaging. The whole implant is shown in Figure 6.2A. A pristine, deformation free roughsmooth collar junction surface (Figure 6.2B) can be observed. Figure 6.2C shows a colored map
of the rough surface of the implant. The color pattern is based on the depth of the surface. As
marked in the legend, the variation from dark blue to dark red represents the height variation from
0 to 24.87 µm, respectively. In general, a fresh/pristine surface will have a uniform color
distribution without intermittent peaks and valleys. Figure 6.2D – 6.2F displays the surface of a
fresh un-used control healing abutment. Healing abutments are good models to understand the
effect of early colonizers as they are temporary structures connected to dental implants during the
healing period. After 3-6 months (or) after achieving satisfactory osseointegration they are
removed so that the abutment and crown can be attached. Note that the purple color is due to an
anodization surface treatment typically performed with these components.
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Figure 6.2(A-F). Control dental implant (A-C): (A) Whole view of the implant; (B) Deformation
free rough-smooth collar junction surface; (C) 3D map of the rough surface. Control healing
abutment (D-F): (D) Whole view of the abutment; (E) Pristine abutment surface; (F) 3D map of
the surface.

Effect of early colonizers.
Post-immersion, the positive control (PC) immersed in lactic acid solution (pH = 5) showed
very mild surface etching without any other signs of deformation of the surface. The implant
immersed in un-inoculated BHI medium (NC, pH = 7) resembled the control (Figure 6.2) with a
pristine, deformation-free surface.
Two (EC1 and EC3) of the three implants obtained post-immersion in the polyculture
media showed characteristic purple-yellow discoloration, which was more intense in the implant
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EC3 (Figure 6.3A). This feature was prominent in the rough-smooth collar junction as witnessed
in Figure 6.3B. Even though not well pronounced, the rough surface in EC3 displayed nonuniformity in the 3D map (Figure 6.3C) of the rough surface in the form of peaks (blue arrows)
and valleys (black arrows).
Optical microscopy analysis of eight early-stage failed dental implants displayed purpleyellow discoloration, such as the features shown in Figure 6.3E, in seven out of the eight retrievals.
This surface discoloration feature was the same as the one observed on the implants immersed in
vitro in early colonizer cultures (Figures 6.3A and 6.3B). Peaks and valleys were appreciated on
the surface of three retrievals. Figure 6.3F shows a 3D map with peaks and valleys feature
distributed on the surface of Implant D. The peaks were marked with blue arrows, whereas the
valleys were indicated with black arrows. The deepest pit had a depth of 30 µm. There was no
pitting witnessed on the surface of healing abutment (I-A RC HA) (Figure 6.3G). Figure 3D shows
the whole view of an early stage retrieval (I-A) connected to its healing abutment (I-A RC HA).

Effect of late colonizers
Three test implants were immersed in a polyculture of late colonizers, whereas one implant
was immersed in an un-inoculated growth medium (negative control). All implants were immersed
in their respective medium for 30 days. Post-immersion, the negative control did not show any
change in surface morphology. Discoloration feature was observed in the bottom part of the rough
surface of the implant AaPg2 (Figure 6.4A and 6.4B), and in the smooth surface of the implant
AaPg3. There were no prominent peaks and valley except for a spot identified in the rough surface
of AaPg2 (Figure 6.4C).
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Figure 6.3(A-G). Dental implant (EC3) immersed in in vitro polyculture of early colonizers (AC): (A) Whole view of EC3; (B) Purple-yellow discoloration on the rough-smooth collar junction
surface; (C) 3D map of the rough surface with peaks (blue arrows) and valleys (black arrows).
Early stage failed dental implants (D-G): (D) Whole view of Implant A connected to a RC healing
abutment (I-A RC HA); (E) Purple-yellow discoloration on the rough surface of implant G; (F)
3D map of the surface displaying pitting in the form of peaks (blue arrows) and valleys (black
arrows); (G) Pristine surface of retrieved healing abutment (I-A RC HA).

Twelve late stage retrievals were analyzed in this study. Most of the implants were
connected to the crown as shown in the example of Figure 6.4D, which shows the whole view of
Implant 3. Again, surface discoloration was the common feature observed in eleven out of the
twelve retrievals. This feature was found in different regions of the implants such as smooth collar,
rough surface, and in the rough-smooth collar junction. Figure 6.4E displays this morphological
change, which is shown for Implant 5. Peaks and valleys were noted in three implants. 3D map of
Implant 4 (Figure 6.4F) illustrated well-defined pits (black arrows) contoured by peaks (blue
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arrows). Mechanical scratches were appreciated in the smooth surface of most of the implants.
Multiple scratch lines were seen on the collar region of Implant 2 as shown in Figure 6.4G.

Figure 6.4(A-G). Dental implant (AaPg2) immersed in in vitro polyculture of late colonizers (AC): (A) Whole view AaPg2; (B) Characteristic discoloration on the rough surface; (C) 3D map of
the rough surface with peaks (blue arrows) and valleys (black arrows). Late stage failed dental
implants (D-G): (D) Whole view of Implant 3; (E) Discoloration on the rough surface of Implant
5; (F) 3D map showing pits in the form of peaks (blue arrows) and valleys (black arrows); (G)
Scratches observed on the smooth surface of I-2.

6.4.2

X-ray photoelectron spectroscopy

Effect of early colonizers
Optical microscopy revealed characteristic discoloration on implants EC1 and EC3, which
were immersed in early colonizers polyculture for 30 days. In the XPS analysis, EC1 and EC3
were compared against the surfaces of implants immersed in negative control (NC), which was the
un-inoculated BHI broth and positive control (PC) lactic acid solution. The most common elements
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found on the surface across all the implants were carbon (C), oxygen (O), nitrogen (N), and
titanium (Ti). The XPS spectra (Figure 6.5A) shows the Ti2p spectra obtained from the highresolution scans. Symmetric Ti4+ characteristic of the stable native TiO2 layer was observed in all
the specimen surfaces “as received”. The spectra (Figure 6.5D) “after sputtering” was the same
without any change in symmetry of the Ti 2p3/2 curve as observed in the “as received” state.
Discoloration, pitting and scratches were some common features identified on the surface
of early-stage failed dental implants received. All the implants surfaces showed either of the
deformation features except for Implant E. Implant A (I-A), implant B (I-B), and implant C (I-C)
were selected for XPS analysis. “As received” spectra (Figure 6.5B) showed Ti4+ peak at 458.6
eV for control and I-A. Ti could not be detected in I-B and I-C. Other oxidation states of Ti such
as Ti3+ (Ti2O3), Ti2+ (TiO), and metallic titanium (Ti0) could be identified in I-A and I-B “after
sputtering” (Figure 6.5E) at 457.13 eV, 455.34 eV, and 453.74 eV, respectively. The control did
not show any other oxidation states other than the native TiO 2 at 458.6 eV. Ti could not be detected
in I-C after sputtering.
Healing abutments I-A RC HA, I-B RC HA, and I-C HA were received connected to the
retrievals I-A, I-B, and I-C. Optical microscopy could not identify any discoloration or any other
surface deformation except for some minor scratches. It should be noted that two of the abutments
(I-A RC HA and I-B RC HA) were regular connection (RC) type, and I-C NC HA had a narrow
connection abutment. These two different types were compared with their respective control
abutments (RC HA Control and NC HA control). XPS spectra, both “as received” (Figure 6.5C)
and “after sputtering” (Figure 6.5F) did not show any difference in the Ti2p spectra of the
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retrievals and their respective controls. It should be mentioned that “after sputtering” spectra of all
specimens showed other oxidation states of Ti such as Ti 3+ and Ti2+ but not Ti0.

Figure 6.5(A-F). “As received” Ti2p spectra (A-C): (A) Implants immersed in early colonizers,
(B) Early failure retrievals, (C) Healing abutments; “After sputtering” Ti2p spectra (D-F): (D)
Implants immersed in early colonizers, (E) Early failure retrievals, (F) Healing abutments.

Effect of late colonizers
Aa, AaPg2, AaPg3, and a negative control (NC) were selected for XPS analysis. AaPg2
and Aa were the implants which showed mild discoloration without any other surface deformation.
It was interesting to find out that AaPg2 Ti2p had Ti3+ in addition to the native Ti4+ peak in the “as
received” analysis (Figure 6.6A). “After sputtering”, specimen immersed in late colonizers
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displayed peaks (Figure 6.6C) of other oxidation states including metallic titanium. However, the
control (NC) did not present any other states than the native TiO 2 peak.
Late-stage failed retrievals demonstrated surface deformation in the form of discoloration,
pitting, cracks, scratches, and fracture under optical microscopy analysis. Implant 1 (I-1), implant
2 (I-2), implant (I-3), and implant (I-4) were chosen for XPS analysis, and compared with the
control. Figure 6.6B shows the “as received” XPS analysis of late stage retrievals in comparison
with a control. Again, Ti2p spectra had the prominent native TiO 2 peak in all the specimen except
for I-4, which also exhibited Ti3+ peak. “After sputtering” (Figure 6.6D) other oxidation states of
Ti such as Ti3+, Ti2+, and metallic Ti0 were witnessed in I-1, I-3, and I-4. I-3 had a well pronounced
metallic Ti0 peak in comparison to other implants. However, control and I-2 had only native
titanium oxide peak after sputtering.

Figure 6.6(A-D). “As received” Ti2p spectra (A-B): (A) Implants immersed in late colonizers, (B)
Late failure retrievals; “After sputtering” Ti2p spectra (C-D): (C) Implants immersed in late
colonizers, (D) Late failure retrievals.
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6.4.3

Electrochemical corrosion test

Effect of early colonizers
Figure 6.7A presents the corrosion potential (Ecorr) of test implants (EC1, EC2, EC3) in
comparison with positive (PC) and negative control (NC). NC had a negative Ecorr value. The
average Ecorr of the test specimens immersed in early colonizers were on the positive side.
Although, EC3 had a negative quantity of -4.71 mV. PC had a positive corrosion potential. It
should be mentioned that positive corrosion potential is associated with more stable oxide layer.
The average polarization resistance (Figure 6.7B) of EC1, EC2, and EC3 were comparable to the
negative control. The highest resistance was recorded for PC, which was 65 MΩ. Corrosion rate
(Figure 6.7C) of specimen ranged from 0.072 µm/year to 0.163 µm/year. EC3 had the highest
value of 0.163 µm/year.
Surface morphology of early failed dental implants displayed corrosion features such as
discoloration and pitting. The thickness of the oxide was found to be lower than the control in two
of the retrievals (I-A and I-B). The average corrosion potential (Figure 6.7D) of implants of the
early failure group was on the negative side with a value of -2.178 mV. This negative trend was
mainly due to the very low corrosion potential of I-G (-126.3 mV) despite the positive corrosion
potential observed for the rest of the specimens (I-D, I-E, I-F). Polarization resistance of the control
specimen was lower than the average value of early retrievals as shown in Figure 6.7E. The
average corrosion rate (Figure 6.7F) of retrieved specimen was lower than the control. Among the
early failure implants, I-D had the highest corrosion rate (2.763 µm/year), which was also lower
than the rate of the control (5.85 µm/year).
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Figure 6.7(A-F). Electrochemical test of implants immersed in early colonizers (EC1, EC2, EC3)
in comparison with their respective positive (PC) and negative controls (NC) (A-C): (A) Corrosion
potential; (B) Polarization resistance; (C) Corrosion rate. Electrochemical test of early failed
retrievals (I-D, I-E, I-F, I-G) in comparison with the respective control (D-F): (D) Corrosion
potential; (E) Polarization resistance; (F) Corrosion rate.

Effect of late colonizers
AaPg2 showed discoloration under optical microscopy and further revealed presence of
Ti3+ in the “as received” Ti2p spectrum of the XPS analysis. “After sputtering, it was identified
that all of the implants immersed in late colonizers (AaPg1, AaPg2, AaPg3, Aa) had thinner oxide
layer compared to their negative control (NC). Corrosion potential (Ecorr) (Figure 6.8A)
corroborated XPS results showing negative Ecorr in all the implants (AaPg1, AaPg2, AaPg3, Aa).
AaPg3 had the lowest Ecorr value of -217 mV. In contrast, the average polarization resistance
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(Figure 6.8B) of the test specimen were comparable with their respective NC. Implants immersed
in late colonizers had a higher average corrosion rate (Figure 6.8C) compared to the control.
AaPg3 showed the highest corrosion rate value of 0.35 µm/year.
Characteristic purple-yellow discoloration, pitting, scratches, cracks, and mechanical
fracture were the microscopic features identified on the surface of late stage failed dental implants.
“As received” XPS analysis showed the presence of Ti 3+ in I-4. Late failed retrievals I-1, I-3, and
I-4 demonstrated thinner oxide layer compared to the control in the “after sputtering” XPS results.
Electrochemical tests were performed on chosen retrievals (I-5, I-6, I-7, I-8, I-9, I-10) to evaluate
the corrosion resistance. Figure 6.8D shows that the average corrosion potential of the late stage
failed implants was higher and on the positive side in comparison to the control. The average
polarization resistance (Figure 6.8E) of the failed implants was higher than the control. The
highest corrosion rate of 5.22 µm/year among the retrievals was lower than the control (5.85
µm/year). The average corrosion rate (Figure 6.8F) of the retrievals was lower than the corrosion
rate of the control.

6.5

Discussion
Even the low failure rate reported in dental implant devices is significant considering the

socio-economic burden that it could impose on patients. For example, a study revealed that 6.36%
of 10,096 implants placed failed, which meant that 642 dental implants needed to be removed. 192
This could be roughly translated to a financial loss of $1,412,400 to $2,054,400. 193 The survival
rate of second implantation has been suggested to range from 71% to 94.6%. 194
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Figure 6.8(A-F). Electrochemical test of implants immersed in late colonizers (AaPg1, AaPg2,
AaPg3) in comparison with their respective positive (PC) and negative controls (NC) (A-C): (A)
Corrosion potential; (B) Polarization resistance; (C) Corrosion rate. Electrochemical test of late
failed retrievals (I-5, I-6, I-7, I-8, I-9, I-10) in comparison with the respective control (D-F): (D)
Corrosion potential; (E) Polarization resistance; (F) Corrosion rate.

In addition to the implant failures, clinical scenarios such as peri-implantitis would require
surgical intervention, which would further increase the cost to the patient. Even though multiple
factors have been associated with dental implants failures, bacteria are considered to play a major
role in early- and late-stage complications. Until now, surgical treatment for peri-implantitis
involves a systematic debridement and decontamination of the implant surface. 41 Recent research
has been directed towards achieving an implant surface with antibacterial properties to mitigate
microbial intervention mainly during the healing phase, and to ensure soft tissue sealing. 195,196
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Mouhyi et al., has mentioned about the synergistic interplay of lesions peri-implant
attachment, previous periodontal history, excessive biomechanical stress, and corrosion in
triggering peri-implantitis.18 Furthermore, it was suggested that initiation of any of these factors
could stimulate others.18 This study is focused on corrosion of cpTi dental implants and the
multiple factors in the oral environment that could initiate it. In vitro immersion in early- and latecolonizing polyculture were performed to understand the effect of microbial polyculture on the
surface of dental implants. Retrieval analysis of early- and late-stage failed dental implants was
carried out to evaluate the implant devices after their in vivo service. It is well known that corrosion
on cpTi is dictated by the integrity of the surface oxide layer. Therefore, the implants obtained
from in vitro immersion tests and clinical retrievals were subjected to a comprehensive surface
analysis. The outcome of this study is to provide an understanding of multiple factors associated
with the oral environment that may trigger deterioration of the oxide layer.
In vitro bacteria immersion test was performed to simulate the conditions of biofilm
adhesion of early colonizing Streptococcus during the healing period. It should be mentioned that
the growth of early colonizers polyculture (EC1, EC2, EC3) resulted in an acidic pH of 5 while
the negative control (NC) medium remained neutral (pH = 7). This low pH condition remained the
same in the test media for the complete immersion period of 30 days. This clearly illustrated that
early colonizers were able to lower the pH of their growing medium creating an acidic condition
to the implants surfaces which were immersed in it. This was consistent with a previous study of
a dental implant immersion in S. mutans monoculture. S. mutans was able to maintain a pH of 5
throughout the immersion period of 60 days. 197 It is well known that early colonizing
Streptococcus species release lactic acid as a byproduct of glycolysis.170,198,199
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The polyculture of late colonizers (AaPg1, AaPg2, AaPg3), and their respective negative
control (NC) maintained a neutral pH of 7 for the immersion period of 30 days. A.
actinomycetemcomitans monoculture (Aa) created an acidic condition (pH=5-6). P. gingivalis is
assacharolytic, and uptake proteinaceous nutrients.200 A. actinomycetemcomitans in general
ferments carbohydrates, and recent studies suggest the preferential utilization of lactic acid as a
nutrient source.201 This preferential consumption could be a reason for increase in the pH from 5
to 6 after 18 days in A. actinomycetemcomitans monoculture. It is important to mention that oral
cavity harbors both early and late colonizers. Recently, new studies have suggested that a healthy
site would predominantly consist of commensal bacteria while a diseased cavity has been
associated with a shift in the aggressive pathogenic bacteria. 202
Surface features of clinical retrievals and in vitro immersed implants were first evaluated
with optical microscopy. Morphological features such as discoloration, scratches, rusting, pitting,
mechanical fracture, and surface etching were revealed. The most commonly observed feature was
purple-yellow surface discoloration. This discoloration feature was found in implants EC1 and
EC3 immersed in early colonizers (Figure 6.3A and 6.3B), AaPg2 immersed in late colonizers
(Figure 6.3B), seven out of the eight early- stage (Figure 6.3E), and nine out of the ten late- stage
(Figure 6.4E) failed clinical retrievals. The characteristic surface discoloration has been associated
with different oxidation states of Ti, mainly Ti3+ (purple) and Ti2+ (yellow).35,127,203 This surface
morphological feature could be attributed to the chemical attack on the surface. As discussed
earlier, early colonizers release lactic acid, which can create an acidic condition. 197 In the oral
environment, there are other factors such as ingested food, wound healing process, soft drinks,
etc., can lower the pH of the peri-implant region.204 Although, the discoloration observed in AaPg2
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was not a result of acidic condition as all the late colonizers polyculture media maintained a neutral
pH over the duration of the testing period. Surface discoloration of an implant immersed in P
gingivalis have been observed in an earlier study. In that study, it was speculated that the surface
attack was due to the presence of lipopolysaccharides (LPS) released from P gingivalis.200
Previous studies have mentioned about the negative impact of LPS on the corrosion behavior of
cpTi.49 Pitting on the surface in the form of peaks and valleys were appreciated in EC3 (Figure
3C), I-C, I-D (Figure 6.3F), I-G, AaPg2 (Figure 6.4C), I-3, I-4 (Figure 6.4F), and I-8. This is
also a result of the electrochemical attack on the surface due to unfavorable acidic condition, which
was witnessed in past studies.35,197 Mechanical implications on the surface were visible through
features such as mechanical fracture (I-4), scratches (I-1, I-2 Figure 6.4G, I-5, I-6, I-7, I-8), and
cracks (I-10). Dental implants are load bearing structures withstanding cyclic occlusal forces. 138
These features could be associated with wear due to repetitive stress experienced by the surface of
the implants in vivo, which were also reported in previous studies. 35,52
XPS analysis of implants immersed in early colonizers (EC1, and EC3) identified the
presence of carbon (C), oxygen (O), titanium (Ti), and nitrogen (N) on the “as received” survey
spectrum. As discussed in the methodology, specimen were sputtered with an argon (Ar) source
for 2 minutes. This procedure was carried out to perform a depth analysis to understand the
thickness of the oxide layer. EC1, EC3, PC (positive control) and NC (negative control)
demonstrated the same native symmetric Ti4+ (TiO2) curve in both “as received” and “after
sputtering” Ti2p spectra (Figure 6.5A and 6.5D). This clearly showed that there was no change
in the thickness of the oxide layer. This was contrary to the previous study which witnessed a
thinning of the oxide layer of a test implant immersed in S. mutans in comparison to control.170
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This contradiction may be due to the difference in the time period of immersion. The S. mutans
immersion test was carried out for 60 days. XPS survey of early failed retrievals (I-A, I-B, I-C)
reported C, N, O, Ti, Na, calcium (Ca), phosphorus (P), boron (B), silicon (Si), yttrium (Y), and
scandium (Sc). C and N could be associated with the organic biological deposits which were
appreciated on the microscopy analysis. B and Si might be from the storage vials and glove
handling of the specimen. Since it is an endosteal implant, and a bone-contacting device, the
presence of Ca and P would justify the biological deposits of hard tissues. 205 Y and Sc were the
rare earth elements observed in the survey, which could be any trace elements that was left on the
XPS mounting stage.
The narrow (or) high resolution scan of early retrievals I-A and I-B (Figure 6.5E) revealed
Ti4+ (TiO2), Ti3+ (Ti2O3), Ti2+ (TiO), Ti0 (metallic titanium) at 458.66 ± 0.22 eV, 457.13 ± 0.35 eV,
455.34 ± 0.39 eV, 453.74 ± 0.32 eV, respectively, “after sputtering”. However, Ti2p spectrum of
control did not show other oxidation states except for native TiO 2 “after sputtering”. This was
representative of a pristine surface with intact surface oxide layer. The exposure of metallic
titanium in I-A and I-B demonstrated thinning of the oxide layer in comparison to the control. In
contrast, healing abutments connected to I-A (I-A RC HA), I-B (I-B RC HA), I-C (I-B NC HA)
did not differentiate from the Ti2p spectra of their respective controls (RC HA Control, NC HA
Control) “after sputtering” (Figure 6.5F). In addition, it should be mentioned that “after
sputtering” all the HA specimen displayed other oxidation states of Ti except for metallic titanium.
This showed that metallic Ti was not exposed even after the sputtering process, which meant that
the oxide layer is thick enough such that the sputtering process could not expose the bulk Ti. These
XPS results of healing abutments were consistent with previous observations in which it was
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stressed that the anodized surface had a thicker oxide layer that prevented the exposure of bulk
titanium.170,206 On the other hand, “as received” XPS survey identified in C, N, and O in all the
abutments except for I-C NC HA which had Ca, P, and B in addition.
Again, C, N, O, and Ti were the prominent elements observed in the survey spectra of NC,
Aa, AaPg1, and AaPg2. Narrow scan Ti2p spectra “after sputtering” revealed a thinner oxide layer
in Aa, AaPg1, AaPg2 compared to NC. The sputtering process revealed metallic titanium, and
other oxidation states (Ti3+, Ti2+) in all the test specimen (Aa, AaPg1, AaPg2). NC did not show
any change in the Ti2p spectrum, and displayed only the native TiO 2 “after sputtering” (Figure
6.8B). Interestingly, the “as received” Ti2p spectrum (Figure 6.8A) of AaPg2 revealed asymmetry
in the Ti peak with a shoulder containing another peak for Ti3+ (Ti2O3) oxidation state. Detection
of metallic titanium (Ti0) even in the “as received” XPS elemental analysis of a dental implant
which was immersed in a monoculture of P. gingivalis for 30 days170 has been reported in an earlier
study.
XPS analyses were performed on I-1, I-2, I-3, and I-4 among the late-stage failed dental
implants, and compared with a control. The late stage retrievals contained biological deposits and
debris on their surfaces. The “as received” survey spectra showed C, N, O, B, P, Ca, Na, Mg,
which could be associated with tissue remnants attached to the surface. Si present on the surface
could be attributed to storage and handling. In I-2 and I-4, Zn was identified, which might be
associated with zinc oxide cement residue from cement-retained crown. Some rare earth elements
such Sc, Ho, Dy and Ho might have been from contamination during staging the implant for XPS
analysis (or) from the stage used for this purpose. The narrow scan Ti2p spectra of I-1, I-3, I-4
“after sputtering” showed all the other oxidation states such Ti 4+, Ti3+, Ti2+, Ti0, whereas the
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control implant had a Ti peak with only the native oxide layer. This, again was a scenario of thinner
oxide layer witnessed in late stage failed implants compared to the control. Like AaPg2, the “as
received” narrow scan Ti2p spectrum of I-4 presented Ti3+ peak along with the native TiO2. This
phenomenon of thinning of oxide layer in failed retrievals was reported by previous studies. 170 In
particular, Esposito et al., had found that retrievals after 8 years of functioning had the same (or)
less thick oxide layer compared to the first days of osseointegration.136 It should be noted that
pathogenic late colonizers require a strictly anaerobic condition for their growth. 200 It can be
expected that the surface of the implant will lack aeration (lack oxygen). Hence, breakdown to the
oxide layer due to occlusion (or) mechanical forces may not allow for repassivation, which can
lead to continuous dissolution of metal particles in vivo. This kind of metallic particle release can
also be expected in the crevice region of low pH created due to bacterial biofilm where there is a
lack of oxygen for repassivation when mechanical micromotion generates wear. 204 This
phenomenon of corrosion accelerated wear has been described in the literature as fretting-crevice
corrosion.127,207
Electrochemical test further provided quantitative details about the stability of the oxide
layer and corrosion resistance. Negative Ecorr was observed for control implants used for retrieval
analysis (control) (Figure 6.7D, Figure 6.8D), early colonizer (NC) (Figure 6.7A), and late
colonizer (NC) (Figure 6.8A) groups. The negative trend was due to the metallic nature of titanium
showing signs of initial dissolution in the electrolyte. However, all of the specimens showed a rise
in corrosion potential towards the positive potential with increasing time, which was considered
as an indication for formation of the passive oxide layer. Comparatively, the average Ecorr values
of implants immersed in early colonizers (EC1, EC2, EC3), early stage (I-D, I-E, I-F, I-G), and
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late-stage retrievals (I-5, I-6, I-7, I-8, I-9, I-10) were on the positive side demonstrating a more
thermodynamically stable passive oxide layer. However, the average corrosion potential of
implants immersed in late colonizers (Aa, AaPg1, AaPg2, AaPg3) had a negative corrosion
potential. As discussed earlier, LPS released by P. gingivalis have been shown to have a negative
impact on the corrosion resistance of cpTi. Also, the implants were maintained in an anaerobic
condition for bacterial growth of which contained no oxygen, and hence the repassivation was
made more difficult. The average corrosion rate of implants immersed in early colonizers (Figure
6.7C) and late colonizers (Figure 6.8C) were higher than their respective controls. However, the
average corrosion rate of early (Figure 6.7F) and late stage failure retrievals (Figure 6.8F) were
less than the control. This can be related to the fact that these retrievals, even though subjected to
a cleaning protocol that was intended to remove biological products still had biological debris well
adhered to their interfaces. Consequentially, this may have hindered the surface to undergo
electrochemical dissolution in comparison to implants that have been only immersed in bacterial
media or in control solutions.
In this study, the surface analysis of dental implants obtained from in vitro immersion test
and in vivo failures provided insight into the morphology, chemistry, and corrosion resistance of
the surface. Implants immersed in early colonizer (NC, PC, EC1-EC3), late colonizers (NC, Aa,
AaPg1-AaPg3), and implants retrieved from patients due to early failures (IA-IG) were not
exposed to occlusal loading in vitro or in the oral environment. Contrarily, late stage failed
retrievals (I1-I10) were subjected to mastication (or) occlusal loading during their period of
service. This was evident in the morphological features observed on the surface of the implants.
The early failed retrievals and the implants subjected to immersion in the bacterial polyculture
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showed surface discoloration and pitting when compared to their respective control, which had
pristine surfaces. These two features are representative of chemical attack on the surface. In the
case of late stage retrievals, morphological features such as discoloration, pitting, cracks, scratches,
and mechanical fractures were witnessed. This suggested an interplay of mechanical, and chemical
attack on the surface. Subsequent XPS analysis revealed less thick oxide layer in implant immersed
in late colonizers, early- and late-stage retrievals in comparison to their respective controls.
However, this was not the case in implants immersed in early colonizers, where the XPS spectra
of control and immersion test specimen were similar. This was interesting because the surface
morphology displayed discoloration, which was a sign of surface corrosion. This could be
attributed to the possibility of surface repassivation after the damage caused to the oxide layer as
it was maintained in an aerobic condition. Positive average Ecorr of implants immersed in early
colonizers (EC1-EC3) also confirmed a more stable oxide layer. This was not the scenario with
the implants immersed in late colonizers, since they were maintained in anaerobic condition. XPS
analysis of AaPg2 revealed the presence of Ti3+ oxidation state even in the “as received” Ti2p
spectrum. Furthermore, in the electrochemical test in which the late colonizers immersion test
implants (Aa, AaPg1, AaPg2, AaPg3) had negative corrosion potential some even more negative
than the respective control. In-spite of all the morphological changes, thinning of the oxide layer,
and negative corrosion potential, the corrosion rate values remained well within the range
suggested for medical implants. The main limitation of this study was exposure of the complete
dental implant structure to microbial cultures. In vivo a dental implant inserted in bone may not
encounter high loads of bacteria such as the used in this study. However, in this study, the entire
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surface area of the implant is exposed to the electrolyte or bacterial medium to provide a worstcase condition for the surface.

6.6

Conclusion
This study developed a novel protocol designed to evaluate the surface of implants exposed

to early colonizers and late colonizers polyculture for a period of 30 days. Most importantly, this
in vitro test revealed that the early colonizer immersion media created acidic (pH = 5) conditions
whereas the late colonizers media were neutral. In addition, the surface analysis of early- and latestage failed dental implants gave insight on the surface performance under in vivo conditions, and
could be correlated with in vitro test results. Morphological changes were evident in the form of
surface discoloration, pitting, scratches, cracks, and fracture. XPS revealed the damage to the
surface in the form of thinning of the oxide layer except for implants immersed in early colonizers.
However, electrochemical tests provided results that demonstrated that corrosion resistance of the
evaluated dental implants were within acceptable levels. Surface performance is vital for the longterm clinical success of dental implants. Retrievals analyses help to identify the scenarios that
could harm the surface while in vitro tests like the bacterial immersion test in this study will
identify and isolate the root causes impacting implant performance. In this study, retrieval analysis
demonstrated the scenario of acidic condition and cyclic mechanical forces affecting the surface
of dental implants. Furthermore, the immersion test identified that bacteria itself can negatively
impact the integrity of the surface. Future studies will evaluate the synergistic effect of bacteria
and cyclic occlusal loading on the surface of dental implants.
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CHAPTER 7
IN VITRO EVALUATION OF THE EFFECTS OF MULTIPLE ORAL FACTORS ON
DENTAL IMPLANTS SURFACES
7.1

Prior Publication
This work was published in the Journal of Oral Implantology in 2016. The paper describes

the development of various methodologies to investigate the effect of multiple oral environmental
factors on the surface of dental implants. Reproduced with permission of the Journal of Oral
Implantology.

Link

to

the

article:

http://www.joionline.org/doi/10.1563/aaid-joi-D-15-

00165?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub%3dpubmed
Sathyanarayanan Sridhar and Zain Abidi developed the design for the testing setup,
performed the experiment, and carried out the post-test surface characterization. Dr. Danieli
Rodrigues was an expert source in the biomaterials field and guided the design of the experiments
and the data analysis. Dr. Wilson and Dr. Valderrama were an expert source in the field of implant
dentistry. Dr. Chandur extended his expertise in prosthodontics toward fabricating custom made
crown for the fatigue test experiments. Dr. Palmer was an expert resource for microbiology-related
experiments in this study. All authors contributed for the composition of the manuscript.

7.2

Abstract
Presence of metal ions and debris resulting from corrosion processes of dental implants in

vivo can elicit adverse tissue reactions, possibly leading to peri-implant bone loss and eventually
implant failure. This study hypothesized that the synergistic effects of bacterial biofilm and
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micromotion can cause corrosion of dental implants and release of metal ions in vivo. The goal is
to simulate the oral environment where an implant will be exposed to a combination of acidic
electrochemical environment and mechanical forces. Four conditions were developed to
understand the individual and synergistic effects of mechanical forces and bacterial biofilm on the
surface of dental implants. In condition 1, it was found that torsional forces during surgical
insertion did not generate wear particle debris or metal ions. In condition 2, fatigue tests were
performed in a wet environment to evaluate the effect of cyclic occlusal forces. The mechanical
forces applied on the implants were able to cause implant fracture, and surface corrosion features
such as discoloration, delamination, and fatigue cracks. Immersion testing (condition 3) showed
that bacteria (Streptococcus mutans) were able to create an acidic condition that triggered surface
damage such as discoloration, rusting, and pitting. A novel testing setup was developed to
understand the conjoint effects of micromotion and bacterial biofilm (condition 4). Surface damage
initiated by acidic condition due to bacteria (condition 3), can be accelerated in tandem with
mechanical forces through fretting-crevice corrosion. Permanent damage to surface layers can
affect osseointegration and deposition of metal ions in the surrounding tissues can trigger
inflammation.

7.3

Introduction
Despite the predictable success of commercially pure (cp) Titanium (Ti) dental implants,

5-11% of the implants still fail.83 This is a concerning issue as the number of implants placed per
year is increasing steadily to almost one million worldwide.82 The long term clinical performance
of implants is mainly dependent on the integrity of the surface titanium oxide (TiO 2).169 This
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adherent, passive, TiO2 layer facilitates the process of osseointegration, and also protects the bulk
Ti from corrosion.80 The integrity and stability of the passive oxide layer can be affected by severe
conditions such as acidic electrochemical environment, excessive stresses, and a combination of
both factors.18 In particular, the oral environment possesses properties and functions that are
important considering the possibility of corrosion process.
The oral environment has the potential to harbor over 600 different species of bacteria. 24
Bacterial colonization on the surface of dental implants can occur immediately post-implant
placement.208 The initial adhesion of planktonic bacteria can mature over time leading to a
polymeric network of multi-species biofilm. 209 Bacterial biofilm has been observed in the periimplant tissues of failed implants.205,210 Kumar et al., noted an elevated level of the bacterial
species Streptococcus mutans in implants with peri-implantitis as compared to the species
associated with periodontitis.211 Previous studies have suggested that both microbial colonization
and their metabolic products can damage passivity of the surface and disrupt osseointegration as
well.25 Although, attachment of bacteria and bacterial biofilm on implant surfaces is considered
one of the most significant reasons for implant failure, only a few studies have evaluated the role
of bacteria in inducing damage to the TiO2 layer. It is important to note that bacterial adhesion on
the surface of dental implants can create an acidic electrochemical environment in two different
ways: (1) acidic metabolic products released by planktonic bacteria can reduce the pH and create
an acidic condition. Streptoccocus species, which have been reported to colonize dental implants,
can release lactic acid as their metabolic by-product.212,213 Chang et al., suggested that S. mutans
could cause corrosion in commercially pure titanium by using bacterial species suspended in a
ringer solution as electrolyte in electrochemical tests 48; (2) localized crevice region due to
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attachment of bacterial biofilm can lead to differential aerated zones on implant surfaces. In this
localized region, there will be depletion of oxygen exposed to the surface decreasing the local pH.
This unfavorable condition can lead to crevice corrosion and the release of metal ions in the oral
environment.29
Crevice corrosion can also take place in contacting interfaces such as connection regions
of implants, and implant-bone interfaces. Stagnation of fluid in these interfaces can deplete the
ingress and egress of oxygen to the implant surface. In a retrieval study of titanium modular hip
implants, it was observed that the pH in crevice areas was as low as 1. 207 Another phenomenon of
corrosion known as fretting can occur in these contacting interfaces due to micromotion, which
can result in generation of metallic wear. It is known that cyclic occlusal loads imposed on dental
implants can lead to micromotion against supporting bone214, and also micromotion of the modular
parts of an implant.141 Dental implants typically have two modular parts: (1) a modular connection
between the implant and abutment; and (2) a second modular area between the abutment and
crown. These modular junctions have been widely investigated for their tendency to generate
microgaps at the junction between the implant and the abutment, which are reported to range from
30-200 μm.215 Modular junction micromotion has been reported to cause microorganism
leakage216, crestal bone changes217, mechanical instability218, screw fracture and in some cases
implant failure219. However, the possibility of implant modularity and associated micromotion in
triggering corrosion of dental implants has not yet been fully investigated.
The cyclic micromotion of modular parts can result in fretting corrosion and wear, which
is retaliated with repassivation of the oxide layer under normal aeration conditions. 32 However, in
presence of a localized acidic environment created by bacterial biofilm, these processes may be
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accelerated, leading to fretting-crevice corrosion.220 Corrosion can lead to an accumulation of large
amounts of metal ions in the oral environment, which may in turn trigger peri-implant
inflammation and bone loss.35 Surface analysis of failed implants retrieved from peri-implantitis
affected patients has previously been performed. Microscopic surface features revealed that
surfaces experienced chemical as well as mechanical attack, leading to the permanent breakdown
of the passive oxide layer.35 Wilson et al. observed the presence of titanium particles in soft tissue
biopsies obtained from patients with peri-implant disease.37 Therefore, it is important to evaluate
the individual and synergistic effects of bacterial colonization, and mechanical forces that can lead
to disruption of surface passivity and result in metal wear release in peri-implant tissues.
The purpose of this study was to simulate the oral environment where dental implants were
exposed to a combination of electrochemical and mechanical factors. Four different in vitro testing
scenarios were developed to explore the effects of: (1) surgical insertion; (2) occlusal loading; (3)
bacterial colonization; and (4) synergistic effects of occlusal loading and bacterial biofilm. In this
study, the development of in vitro tests to evaluate the effect of bacteria, occlusal loads, and their
synergistic effects will be described. Post-test surface analysis of implants obtained from
mechanical fatigue test (Condition 2) and bacterial immersion test (Condition 3) will also be
explained. Finally, a working prototype to study the synergistic effects of occlusal loading and
bacterial biofilm (Condition 4) will be presented.
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7.4

Materials and methods

7.4.1

Materials
Poly (methyl methacrylate) (PMMA) based composite cement to secure the implant for

mechanical testing. Bovine bone (Rudolph market, Dallas, TX) was used to insert the dental
implants for load-to-failure test. Polyurethane foam blocks (referred to as “sawbones”) (Sawbone
Inc., Vashon, WA) of density 40 pounds per cubic foot (PCF) served as simulated bone model for
making dental implant mount for mechanical testing. Phosphate Buffered Saline (PBS) packs
(Sigma Aldrich, St. Louis, MO) provided a simulated physiological medium for mechanical
testing.
Streptococcus mutans UA 159 was chosen as the bacterial strain for immersion studies.
Tryptic soy broth and solidifying agar (BD, Franklin lakes) were used for agar cultures. Brain heart
infusion (BHI) broth was utilized for broth cultures. GasPak EZ campy sachets and chamber with
CO2 indicators (BD) created the CO2-rich micro-aerophilic growth conditions.

7.4.2

Methods

Experimental Steps
In order to understand the effect of each oral environment contributing factor on the surface
oxide damage, four different experimental steps were developed as detailed below:
Condition 1: An insertion testing method for dental implants in simulated bone material
(sawbones) was developed.
Condition 2: A fatigue testing in simulated mild oral environment (0.01 M PBS) was developed.
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Condition 3: An immersion testing of dental implants in S. mutans culture was performed.
Condition 4: A fatigue test setup for dental implants immersed in bacterial culture was developed.
In this study, the development of in vitro testing methods is discussed for conditions 2-4, as
condition 1 was investigated and reported in a recent study. 178

Implant specimen selection:
Four sand blasted, large grit, acid etched dental implants (referred to as I1-I4) (Straumann
LLC., Andover, MA), 4.1 x 10 mm were received for mechanical fatigue testing. In addition, a
dental implant of the same dimensions and brand was used for quasi-static testing. One implant
(I6) (4.1 x 10 mm) was utilized for the bacterial immersion test, and another which was not
subjected to immersion, served as a control (I5).

Condition 2: Mechanical fatigue test simulating mild oral environment
The main objective was to study the effects of occlusal forces on the implant surface under
simulated mild environmental conditions using a mechanical fatigue test. Mild environmental
conditions mean that no bacteria or acidic components were present in solution in the beginning
of the experiment. The first step of the mechanical evaluation was to define upper and lower limits
to simulate cyclic occlusal loading. A load-to-failure test was performed to define such limits. 221

L O A D - TO - FA I L UR E

TESTING

A dental implant was surgically inserted in bovine bone. A screw retained crown,
fabricated from a 51% gold alloy (JP1, Jensen Inductries, North haven CT) was then attached.
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Figure 7.1A shows the custom-made implant mount fixed to the base of the Materials Testing
System (MTS, Bionix 370, Eden Prairie, MN), and loading point affixed to the top load cell. The
test setup had the implant mount at a 30o inclination. Compressive axial load was increased at a
rate of 0.05 mm/s until the implant fractured. Figure 7.1B shows post-test fractured implant.

Figure 7.1. Process involved in designing a quasi-static test: (A) whole view of the MTS and
implant fixture; (B) dental implant fixed at the base of the MTS and loading cell attached to the
other end; and (C) fractured implant at end of the quasi-static test.

The load-to-failure test generated axial force versus axial displacement graphs, as shown
in Figure 7.2. Previous studies suggested that the upper limit of a fatigue loading cycle should be
approximately 50% of the ultimate tensile strength.221 From this test, the ultimate tensile strength
of the implant was found to be approximately 990 N. Hence, the upper limit of the fatigue test was
chosen as 500 N, and 10% of the upper load limit was the lower limit for the test.

111

Figure 7.2. Axial force versus axial displacement curve generated from quasi-static test.

D E V E LO P M E N T

O F F A T IG U E T E S T IN WE T C O ND I T IO N T O S I M U L A T E O C C L US A L

LO AD IN G IN M I L D OR A L E NV IR O N M E N T

The fatigue test was designed per ISO standards.222 A dental implant was cemented inside
a 40 PCF foam block with 3 mm exposure of the implant rough surface as shown in Figure 7.3A.
Then, the implant was connected to a screw retained crown tightened according to the
recommended torque of 35 N.cm. A block spacer was cut with an inclination angle of 30 o, with
respect to the horizontal plane to keep the implant mount tilted at the desired orientation (Figure
7.3A).
The dental implant mount along with the spacer were clamped at the base of the MTS
system and encased within a water bath chamber (MTS Envirobath 8.5 x 12 x 5.8 inches), as
illustrated in Figure 7.3B. The other end made contact with a load cell. The water bath chamber
was filled with 0.01 M PBS until the implant mount was completely immersed, as shown in Figure
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7.3C. This provided a mild environment with normal pH of approximately 7. Cyclic compressive
axial force was applied with load limits between 50 N and 500 N (as defined in the load to failure
test) at 4 Hz for 2 million cycles. At the end of the fatigue test, the implants were retrieved and
subjected to qualitative surface analysis using optical microscopy and Scanning Electron
Microscope (SEM) equipped with Energy Dispersive X-ray Spectroscopy (EDS).

Figure 7.3. (A) Dental implant cemented in sawbone material with a spacer placed at the bottom
to provide a 30o inclination; (B) implant fixture clamped at the base of the MTS system with load
applied from the top; (C) fatigue test in PBS-containing environment

Condition 3: Effect of bacteria on the surface corrosion of dental implants:
The test implant (I6) was immersed in a test tube containing 5 mL S. mutans culture in BHI
broth for 60 days. This time period was chosen to perform a long-term immersion test that would
allow for adhesion and formation of biofilm on the implant surface. During the immersion test, the
pH of the test medium was monitored once every two days. Post-immersion, the surface of the
implant was analyzed with different microscopy techniques. Surface of I6 was compared with a
brand new untested dental implant (referred to as I5), which served as a control.
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Condition 4: Synergistic effects of micromotion and bacterial/bacterial biofilm on the surface of
dental implants
The fatigue test setup described in condition 2 was modified to design this synergistic test.
In this condition, cyclic mechanical forces will be applied on implants immersed in bacterial broth
cultures. A chamber was specifically designed for this test which was CAD/CAM fabricated using
a 3D model printed out of acrylic resin material veroclear (Stratasys, Eden Prairie, MN). Figure
7.4A & 7.4B shows the sketch and picture of the dome shaped chamber respectively. The
dimensions were accurate to perfectly fit at the base plate of the MTS inside the envirobath
chamber. The dome structure provides suitable environment for the bacteria to grow without
contamination. Inlet and outlet ports on the sides of the chamber facilitated the flow of broth. The
top view of the chamber (Figure 7.4C & 7.4D) presents the provision at the top of the dome which
facilitates the entry of load cell to apply cyclic loading. A rectangular slot at the base platform of
the dome structure will allow the placement of the implant mount. The implant mount was
modified to perfectly snug-fit into that slot. Figure 7.4E shows a side view of sawbone with a
ramp at the top which was inclined at 30o to orient the implant for the fatigue testing.

Surface analysis of implants
Dental implants surfaces were analyzed post-fatigue test with optical microscopy with
magnifications in the range of 5-1000x (Keyence VHX-5000, Itasca, IL) and a depth up feature,
which captures 3D profiles of the specimen. Areas of interest analyzed with this technique were
further inspected with SEM equipped with EDS.
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Figure 7.4. (A) A sketch explaining the dimensions of the custom made chamber; (B) Whole view
of the 3D printed chamber; (C) Top view sketch displaying circular port of entry for mechanical
forces and a rectangular slot for placing implant fixture; (D) Top view picture of the fabricated
chamber; (E) Modified sawbone block used to make implant fixture that will snug-fit into the
rectangular slot.

7.5

Results
The results for three different conditions developed for evaluating the implant surface are

discussed.
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7.5.1

Condition 2: Mechanical fatigue test simulating mild oral environment

Mechanical Fatigue Test
Four implants were subjected to fatigue test. The desired performance requirement set for
this experiment was 2 million cycles. However, the first implant (I1) failed at around 550,000
cycles. The implant prematurely fractured into two parts. The fracture was observed to occur along
the contour of the 3 mm exposed surface (Figure 7.5A). The upper part of the implant consisted
of the fractured 3 mm exposed rough surface, while the bottom part of the implant was actually
cemented inside the sawbone block. The next three implants (I2-I4) (Figure 7.5B-D) survived the
entire fatigue test of 2 million cycles with the revised load limits.

Figure 7.5. Low magnification images of implants post-fatigue test: (A) I1; (B) I2; (C) I3; (D)
I4; Fracture observed with only I1.
Microscopy surface analysis:
Implants were imaged with optical microscopy before the fatigue testing. This served as a
control for surface analysis. The smooth and rough surfaces exhibited no significant deformation
when observed under high magnifications (Figure 7.6A). Post-testing, implants were imaged to
understand the effect of occlusal forces on surface morphology. Characteristic surface features
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such as discoloration, fracture, surface delamination, and fatigue cracks were observed that
suggested surface damage. Figure 7.6B shows yellow/blue discoloration of the smooth surface of
the implant (I1) (collar region). Similar discoloration feature was observed on the rough surface
(Figure 7.6C) of all implants except I3. Further analysis of particular areas of interest performed
using the SEM provided detailed features such as surface delamination (Figure 7.6D) and
superficial fatigue cracks (Figure 7.6F). Delamination of the top layer was expected in I1 because
of the occurrence of fatigue fracture. Surface delamination was also found in I2 in regions with
evidence of discoloration. Black stains (Figure 7.6E) were observed in the SEM analysis in
regions where the implants (I1, I2, and I4) displayed the characteristic yellow/blue discoloration.

Figure 7.6 (A-F) Qualitative analysis of the surface post-fatigue test: (A) Control; (B)
Discoloration at the implant-abutment interface of I1; (C) Yellow purple discoloration of the rough
surface of I2; (D) Delamination of the top surface of I1; (E) Black taints at the rough surface I2;
(F) Surface crack and propagation of fatigue crack in the smooth-rough interface of I3.
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The surface elemental composition of the implants (I1-I4) was analyzed with EDS. The
elemental constituents of all implants are detailed in Table 7.1. It is evident that the surface
elemental composition of the implants mostly consisted of Titanium (Ti), Oxygen (O), and Carbon
(C). There were also trace amounts of other elements such as Vanadium (V), Calcium (Ca),
Nitrogen (N), and Phosphorus (P).
Table 7.1. Microscopy results summary of implants post-fatigue test.
Implant
Visual Inspection
ID
I1
 Fractured into
two parts at
550,000 cycles

Morphology
(Optical/SEM)

Composition (Mass%)





Discoloration
Delamination
Fatigue cracks





Discoloration
Delamination
Superficial fatigue
cracks
Superficial fatigue
cracks





I2



No visible defects
or fracture





I3



No visible defects
or fracture



I4



No visible defects
or fracture



Discoloration










7.5.2

Ti: 50-90%
O: 0-10%
Trace amounts of V, C, Ca,
and P
Ti: 60-90%
O: 20-38%
Trace of C, Al, and Ca
Ti: 80-100%
O: 3-6%
C: 7-17%
Trace of Ca, P, and Zr
Ti: 89-100%
O: 2.5-5%
C: 2-7%
Trace of N

Condition 3: Effect of bacteria on the surface corrosion of dental implants
The surface of the implant immersed in bacterial broth culture for 60 days (I6) was

compared with a brand new dental implant (I5), which served as a control. Figure 7.7A shows the
whole view of the control implant. Optical microscopy demonstrated a deformation free, intact
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surface (Figure 7.7B). The color coded 3D map (Figure 7.7C) displayed a uniform distribution
of color, which represented a pristine surface. Further analysis with SEM (Figure 7.7D) also
showed a defect free and intact oxide layer. However, the implant immersed in bacteria (I6)
showed visible color change in the full implant view (Figure 7.7E). In comparison to I5, I6
displayed change in color of the surface from grey to purple and yellow (Figure 7.7F). Figure
7.7G depicts the color coded 3D image of the surface. The color distribution of I6 was not uniform
as observed for I5. The color distribution changed in a series of raised regions (dark blue arrows)
and depressions (black arrows) exhibiting micropit-like appearance. The diameter of these
micropits varied from 15-25 µm whereas the depth ranged from 10-35 µm. This severe surface
deformation was prominent in the SEM image (Figure 7.7H) where the raised edges of the
micropits are marked with red arrows.

Figure 7.7 (A-D) Control Implant (I5): (A) Whole view of the implant; (B) Flawless junction of
smooth-rough surface of I5; (C) 3D depth up analysis showing a deformation surface with uniform
color distribution. (E-H) Implant immersed in bacteria (I6): (E) Whole view of the implant with
visible color change throughout the surface; (F) Surface color change from grey to yellow and
blue; (G) Surface deformation in the form of micropits; (H) SEM image displaying surface
deformation.
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EDS analysis of the implant immersed in bacterial culture detected the presence of
Titanium (Ti), Oxygen (O), and Carbon (C) with 63–93% Ti, 9–25% O, and 10–18% C. The
surface chemistry of the control implant showed the presence of Ti: 87%–92%, O: 3%–5% O, C:
4%–6%, and Nitrogen (N): 1%–2%.

7.5.3

Condition 4: Synergistic effects of micromotion and bacterial biofilm on the surface

of dental implants:
In condition 2, the dental implant fixture was immersed in PBS. With that setup, the enviro
bath chamber of the MTS was able to house the volume of PBS required to completely immerse
the implant. However, the fatigue setup needed to be improved to accommodate smaller volumes
of bacterial culture, as the bacterial growth needed to be further controlled. Hence, a novel smaller
chamber that could be fit within the enviro bath chamber of the MTS was designed (Figure 7.8A).
Figure 7.8B shows the inlet and outlet of the chamber, which enables flow of bacterial broth
cultures. The constant flow rate of 20 rotations per minute (RPM) will maintain the temperature
of the microbial culture at 37o C. An opening centered at the top of this chamber (Figure 8C) was
provided to facilitate the loading cell to enter the chamber setup and simultaneously apply cyclic
forces on the dental implant mount. Figure 7.8C also shows a sawbone block (Black arrow)
immersed in the circulating deionized water, in which dental implants will be placed for testing.
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Figure 7.8. Novel chamber setup to study the synergistic effects of micromotion and bacterial
biofilm. (A) An overview of the custom made setup placed inside the envirobath chamber; (B) A
closer view displaying the inlet and oulet; (C) Top opening of the chamber to facilitate mechanical
loading.

7.6

Discussion
The purpose of this study was to develop different testing conditions to investigate the

effect of mechanical and chemical factors that could lead to surface damage of dental implants and
release of metallic wear. Damage of the surface TiO2 oxide layer can affect integration of soft and
hard tissues with the implant. Corrosion and resulting dissolution of metal ions in the oral
environment is considered to play a vital role in implant failure. Mouhyi et al., has suggested that
corrosion can be one of the underlying mechanisms of failure associated with dental implants. 18
Henceforth, in this study, different testing conditions were developed to understand the individual
and synergistic effects of mechanical and chemical attack on the surface. Condition 1 was
developed to evaluate the effect of surgical insertion. A torsional force was applied on the surface
of the implant against simulated bone during the insertion procedure. 178 Therefore, it was
hypothesized that this mechanical force can lead to premature exfoliation of TiO 2. However,
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results of this study clearly concluded that the mechanical force involved in the insertion procedure
did not lead to premature exfoliation of the surface oxide layer. 178 In order to verify the effects of
occlusal forces on the surface of the implant, a testing methodology was developed that enabled
verification of multiple conditions in a single setup. Occlusal loads can lead to micromotion of a
dental implant if osseointegration is not well established. 214 Also, occlusal loads can lead to
micromotion (fretting) of modular interfaces of the implant (abutment-implant and abutmentcrown interfaces).141 Under conditions of normal aeration and physiological pH, the oxide layer of
the metallic substrate is able to re-passivate in the event of micromotion, protecting the surface
against damage.32 However, in the presence of acidic environments, which can be created by oral
bacteria or due to implant modularity, micromotion can lead to fretting-crevice corrosion. The
hypothesis was proved with the surface analysis of the implants (I1-I4) post-fatigue testing. I1 did
not survive the required fatigue performance of 2 million cycles, fracturing after 550,000 cycles.
From Figure 7.5A, it can be inferred that the fracture of the top part was along the region of 3 mm
exposure of the rough surface. This region was exposed intentionally to simulate alveolar bone
loss, which was in agreement with established ISO standards for dental implant testing. 222 It has
been discussed that dental implants are less tolerable to non-axial occlusal loading (loading
experienced at 30o orientation) due to the absence of periodontal ligament.223 Finite element
analysis studies have demonstrated that occlusal loads are concentrated at the implant-marginal
bone interface.224,225 An important point to mention is the load limits selected for testing. After
evaluation of the first results, it raised the possibility that the loads selected might have been too
high and not representative of the loads achieved in the oral environment. However, studies
published by Gibbs et al. (2002) and Koc et al. (2010) showed that mastication loads can vary from
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150 N to 1280.138,139 The loads selected also took into account the worst case scenario (Bruxism)
when loads are reported to be as high as 800 N.140 However, in order to understand the long term
performance of the implant without compromising on the average occlusal loading, the upper load
limit was revised from 500 N to 450 N. The remaining implants (I2-I4) (Figure 7.5(B-D)) were
able to complete the entire 2 million cycles designed for the fatigue test.
Post-fatigue testing, microscopy analysis showed corrosion features in the modular region
of the implants, which supported the hypothesis. Figure 7.6B showed the characteristic
yellow/blue discoloration. This characteristic discoloration represents the presence of titanium in
different oxidation states such that blue indicates the presence of Ti 3+, and yellow is linked to
Ti2+.203 In this case, discoloration was only appreciated at the modular interface of the smooth
surface of the implant (I1), where the implant comes in contact with the abutment. Literature
reports on modular hip implants have already explained the ability of implant modularity to act as
a crevice geometry, which can locally increase the acidity of the environment. 127,207 Another area
of evident discoloration of the rough surface (Figure 7.6C) was observed in all the implants,
except I3. In this case, discoloration was blanketed by a layer of cement, which was used in
securing the implant fixture. This case illustrates that the crevice geometry between the implantcement contacting interfaces, which produced a localized acidic environment that assisted in
surface oxidation.
In both cases of discoloration, synergistic effects of micromotion and the possibility of
acidic conditions due to localized crevice environment in the regions of the implants’ contacting
interfaces could have played a major role. In this particular test involving a mild environment, the
acidic condition was assumed to be induced by lack of oxygen in the crevice geometry created by
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the implant modular parts. More specifically, the junction between the abutment and implant is
hypothesized to create the ideal conditions for triggering fretting-crevice corrosion. Another
contributor factor could be the poor integration of the cement with the implant surface, which may
have created microgaps that allowed micromotion to occur (Figure 7.6C). The threshold level for
micromotion of an implant in the bone-implant interface has been reported in the literature to be
approximately 150 μm.141,142 But fretting involves cyclic micromotion of amplitudes less than 100
μm.143 This clearly articulates that the role of fretting cannot be ignored with modular dental
implants.
Furthermore, SEM/EDS analysis of implants post-fatigue testing corroborated the optical
microscopy analysis. Regions of discoloration of the rough surface of the implants (I1, I2, I4)
observed in the optical microscope were observed as black stains in the SEM analysis (Figure
7.6E). Suito et al., has suggested that these stains or dark phases on surfaces observed with SEM
indicate breakdown of the oxide layer.226 As stated previously, catastrophic fracture was
experienced during fatigue testing of I1. In addition, SEM analysis at higher magnifications
displayed superficial fatigue cracks (Figure 7.6F) in both smooth and rough surfaces of I2 and I3.
Surface fatigue cracks result due to long term repeated loading which in our case was the
application of cyclic occlusal forces for 2 million cycles. These characteristic features are known
to be associated with stress related corrosion, which can propagate and eventually result in surface
damage.16 Similar superficial fatigue cracks were observed in our previous retrieval analysis of
implants removed from patients due to peri-implantitis. 35 On an average, a person experiences
1x106 chewing cycles per year221 and this repeated loading over long term can lead to destruction
of an implant surface. The EDS analysis of the rough surfaces showed high percentage of Ti (50-
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85%) and low percentage of O (0-10%). The complete EDS data analysis obtained for all
investigated implants is presented in Table 7.1. This explains breakdown of oxide layer (O rich)
and exposure of the bulk (Ti rich). Corrosion resistance of Ti implants is dependent on the ability
to form and reform this passive oxide layer.16,169 Breakdown of the oxide layer will lead to metal
ions dissolution and particle debris deposition in the biological environment. 25,107
The effect of bacteria on the surface of dental implants was investigated with an immersion
test. It was hypothesized that early colonizing Streptococcus species can create an acidic
environment by releasing lactic acid as their metabolic product leading to damage of the passive
surface.48,212,213 This was evident from the fact that a pH of 5 was observed in our S mutans broth
cultures. This low pH was able to trigger surface damage changing the color and morphology of
the surface. After 60 days of immersion, a characteristic blue/yellow discoloration (Figure 7.7A
& 7.7B) was observed, which was similar to the feature observed in the implants post-fatigue test.
The discoloration feature was only confined to the modular region and areas where marginal
cement was present in the implants subjected to fatigue testing. However, surface attack due to
acidic environment due to bacterial colonization was more pronounced with the discoloration
spread throughout the surface of the implant (Figure 7.7A). Depth analysis (Figure 7.7C) showed
that surface morphology was affected with the formation of micropits. Further analysis of this area
of interest with SEM (Figure 7.7D) clearly illustrated severe deformation of the surface. Such
surface deformations were previously witnessed in a retrieval analysis of failed implants. 35
Inflammation, infection, and surface contamination associated with bacterial colonization on the
surface of dental implants are associated with both early and late stage failure of dental
implants.43,84 From this study, it was shown that bacteria can create an acidic electrochemical
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condition which can affect the implant’s surface morphology and surface chemistry. It is well
known that the surface morphology and chemistry play a major role in the process of successful
osseointegration.18 The higher percentage of Titanium (Ti) and lower percentage of Oxygen (O)
on the surface detected in EDS analysis further corroborated damage of the oxide layer.
The results from the mechanical test showed that occlusal forces applied on dental implants
in a mild environment can lead to damage of the surface. Therefore, it is important to understand
the synergistic effects of bacterial biofilm and mechanical forces which will simulate the scenario
in the oral environment to which dental implants are exposed. Henceforth, Condition 4 was
developed which will enable the simulation of oral environment. Dissolution of metal ions can be
quantified by collecting aliquots of testing medium for every 100,000 cycles of fatigue. In addition,
this setup can also provide information about the possible leakage of bacteria through the modular
connection. The versatility of this methodology is such that other experimental conditions in the
oral environments, for example, presence of lactic acid and excessive concentration of fluorides,
can also be simulated with the setup. Most importantly, this methodology can be employed to
evaluate dental implants of different surfaces and dimensions. A working prototype of this setup
was shown in Figure (7.8A-7.8C). Preliminary results with this setup (data not shown)
demonstrated that the system can accommodate a circulating broth medium maintained at 37 oC,
and the implant fixture can be simultaneously exposed to cyclic mechanical forces.
Some of the limitations of this study are based on the ability to maintain a contaminationfree medium for the bacterial immersion test (Condition 3) and the synergistic test (Condition 4).
It should be mentioned that the results obtained in this study are predominantly qualitative surface
characterization. Another limitation is lack of true oral comparative biofilm mixed flora that may
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result in a different physico-chemical behavior, compared to single species. More quantitative
surface analyses such as x-ray photoelectron spectroscopy (XPS) and electrochemical corrosion
tests are to be performed in the future. These tests will provide quantitative information about
surface chemistry and surface potential. Also, in this study, implants of particular surface treatment
and dimension were investigated. Therefore, future research will involve implants of different
surfaces and dimensions.

7.7

Conclusion
Surface analyses of implants post-bacterial immersion and fatigue tests demonstrated

damage of the passive oxide layer. Permanent damage to the oxide layer can lead to release of bulk
metal ions. Dissolution of metal ions in the oral environment could play a fundamental role in
triggering diseases like peri-implantitis. Further analysis of dental implants with the methodologies
developed in this study will help articulate the role of metal ion dissolution in the process of
implant failure.
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CHAPTER 8
THE ROLE OF BACTERIAL BIOFILM AND MECHANICAL FORCES IN
MODULATING DENTAL IMPLANT FAILURES
8.1

Abstract
Currently many assume that bacteria are the primary etiological factor associated with

failure of titanium dental implants. However, emerging data indicates a possible role for
mechanical forces in implant failure. This study is based on the hypothesis that the synergistic
effect of mechanical forces and bacterial biofilm can lead to surface damage resulting in in vivo
release of metallic particles. The primary aim of the study was to develop a dynamic fatigue test
method for dental implants immersed in wet environments such as; (i) 0.01 M phosphate buffer
saline (PBS); (ii) lactic acid (pH = 5); (iii) bacterial polyculture. Four dental implants each were
subjected to fatigue loading from 45 N to 450 N at 4 Hz for 2 million cycles while immersed in (i)
PBS (negative control); (ii) bacterial culture (test); and (iii) lactic acid (positive control). Posttesting, optical microscopy, x-ray photoelectron spectroscopy, and electrochemical corrosion tests
were performed to evaluate the surface morphology, chemistry, and potential, respectively, of
titanium implants. Post-testing, surface discoloration was evident in all three groups. However, the
surface damage was further established in XPS analyses of test specimens, which showed that the
interplay of bacterial biofilm and mechanical forces resulted in thinning of the titanium oxide layer
(TiO2). Lower corrosion potential (Ecorr) of the test specimens compared to positive and negative
controls also illustrated damage to the oxide layer. However, other electrochemical parameters
such as linear polarization resistance (LPR) and corrosion rate (CR) were comparable among the
groups indicating the corrosion resistance post-testing.
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8.2

Introduction
Implants supported dental prosthetics have been successful over the past three decades in

their ability to restore the normal functioning of lost teeth. 227 Commercially pure (cp) titanium (Ti)
has been the material of choice due to its ability to integrate with the tissues, perform the
biomechanical function, and inherent resistance to material degradation. 169 It should be noted that
Ti is a reactive metal, so it has a natural ability to form a nano-thick titanium oxide layer (TiO 2)
layer in the presence of air (or) water.16,80 This surface oxide layer ensures biocompatibility,
facilitates material-tissue integration, and renders corrosion resistance. 9 The oxide layer on Ti
surfaces is typically formed and reformed within several milliseconds under normal physiological
conditions.16 However, it has been hypothesized that the combination of excessive mechanical
stresses and acidic electrochemical condition from bacterial attack can permanently break down
the surface oxide layer, and expose the bulk metal to the surrounding tissues. 18 The exposure of
bulk can lead to continuous dissolution of metal ions and particles, which can trigger an adverse
immune response.127
Recent and past studies have indicated the presence of metallic particles in peri-implant
tissues surrounding failed dental implants.36,37,176 In the orthopedic literature, dissemination of
wear debris in the peri-prosthetic tissue has been strongly associated with aseptic loosening of the
device, which can lead to device failure.33 A few studies have cited the possibility of metal ioninduced osteolysis in the case of dental implants. 179 These free titanium ions were shown to form
complexes with native protein, leading to type IV hypersensitive reaction.152 Siddiqui et al. have
mentioned that release of wear debris can affect the integration of dental implants with soft- and
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hard- tissues.38 More recently, a study hypothesized that this release of Ti debris may trigger
unfavorable host responses that can lead to peri-implant bone destruction. 180
Loss of peri-implant bone around functional osseointegrated implants has been one of the
major problems with dental implants, which has been stated to cause late stage failure. 51 Excessive
occlusal loading, peri-implantitis, and excess residual restoration cements have been identified as
triggering factors.85 Mechanical overloading of dental implants in vivo has been reported to result
in micro-fractures of the surrounding bone, leading to osteolysis.98 Overloading has also been
informed to result in implant fracture. However, it is a general presumption that bone microfracture
(or) bone loss precedes this catastrophic device fracture. 99 Currently, an inflammatory condition
leading to continuous bone loss known as peri-implantitis has been gaining prevalence. 101
According to recent reports 1% to 56% of patients who receive an implant have been recorded to
suffer from this clinical condition.100,104 Until now it has been bacterial biofilm that has been
considered as the primary etiological factor.151 At present, this clinical condition has been treated
with surgical and non-surgical techniques with the main focus of removing bacterial biofilm and
their toxic metabolic products from the implant surface.41 In addition, occlusal overloading has
been mentioned to be associated with peri-implantitis.97 In fact, some recent studies have
mentioned that the combination of excessive mechanical stress and bacterial biofilm being the
major triggering factors for peri-implant disease.18,85
Wilson et al., identified a positive relationship between excess residual cements and periimplantitis development.107 In a follow up study, it was observed that cement particles were found
surrounded by macrophages in soft tissue biopsies from dental implants effected by periimplantitis.37 The same study also witnessed the presence of Ti particles in the peri-implant
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tissues.37 In a retrospective analysis of dental implants that failed due to peri-implantitis, Rodrigues
et al., proposed that oral environmental factors could break down the oxide layer, causing
dissolution of metal ions in the peri-implant tissue.35 In that study, it was hypothesized that
bacterial colonization of the implant creates a harsh acidic condition, causing damage of the TiO 2,
which would be aggravated by the synergistic action of occlusal forces. 35 A subsequent study
further established that upon long-term exposure, both oral commensal bacteria and periodontal
pathogens are able to attack the surface of dental implants, resulting in thinning of the oxide layer. 50
A few other studies also observed that bacteria can affect the corrosion resistance of cpTi, resulting
in surface damage.48,49 These previous studies further motivated us to question whether mechanical
forces experienced by dental implants due to occlusal loading can aggravate this surface damage
due to the presence of bacteria or bacterial biofilm.
The current study is based on the hypothesis that the synergistic effect of oral
environmental factors, namely bacteria and mechanical forces, can permanently break down the
implant oxide layer. Therefore, the primary goal of this study is to develop a dynamic mechanical
test in which a dental implant is exposed to cyclic occlusal loading and bacteria simultaneously.
The first step in this developmental process was the design of the fatigue test for dental implants
in wet environment. In this test, cyclic forces were applied on dental implants which were
immersed in static 5 liters of 0.01 M phosphate buffer saline (PBS). However, the need to reduce
the volume of the testing fluid necessitated the design of a custom-made chamber. The first
custom-made chamber was a single-piece structure, which could house the dental implant fixture,
provide inlet and outlet for fluid flow, and facilitate implant loading. With this setup, a fatigue test
of dental implant immersed in a circulating lactic acid solution was performed. This single-piece
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chamber was improvised into a modular two-piece chamber to eliminate fluid leakage, and make
it easy-to-use. This 3D printed chamber was utilized to test the synergistic effect of bacterial
biofilm and mechanical forces on the surface of dental implants. This novel setup has the versatility
to test different surface treatments, materials used in different dental implant systems, and
solutions that can contact the dental implant system.
In summary, to understand the combinatorial role of bacteria and mechanical forces on the
surface of dental implants, an in vitro setup was developed. This study mainly presents the setups
designed to carry out fatigue tests for dental implants in (i) static 0.01 M PBS; (ii) a circulating
solution of lactic acid; (iii) a circulating polymicrobial culture in broth. In these dynamic test
conditions, dental implants were subjected to cyclic loading of 45N to 450N at 4 Hz for 2 million
cycles. Post-testing, the specimens were subjected to optical microscopy, x-ray photoelectron
spectroscopy (XPS), and electrochemical corrosion tests to evaluate surface- morphology,
chemistry, and potential, respectively. This novel test and surface characterization technique could
be adopted as a standard in the future to evaluate the surface performance of dental implants in a
more physiologically relevant environment.

8.3

Materials and Methods

8.3.1

Materials
Nine sandblasted, large grit, acid etched (SLA) dental implants (4.1 x 10 mm) (Institut

Straumann AG, Basel, Switzerland) were received for this study. These nine implants were divided
into three groups based on the type of wet environment in which the fatigue tests were carried out.
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Group LA: One implant (PC) was exposed to a circulating lactic acid (Fisher Scientific, NH
Hampton) medium (pH = 5). Group PBS: Four implants (I1 – I4) were subjected to fatigue test
while being immersed in a static 0.01 M PBS medium. Group Bacteria: Fatigue loading was
applied on four implants (S1 – S4), which were immersed in a circulating bacterial culture. Poly
(methyl methacrylate) (PMMA) based composite cement was used to secure the implant in the
simulated bone material for mechanical testing. Polyurethane foam blocks (referred to as
“sawbones”) (Sawbone Inc., Vashon, WA) of density 40 pounds per cubic foot (PCF) served as
simulated bone model for dental maxilla/mandibular bone for making a dental implant mount for
mechanical testing. Dental surgical drills (Straumann LLC., Andover, MA) were employed to
make “osteotomy” sites (site of implant placement) to place implants. A modular chamber was
CAD/CAM fabricated (MakerTree 3D, Richardson, TX) using a 3D model printed out of Inland
glycol-modified polyethylene terephthalate filament material (Micro center, Hilliard, OH). This
fabricated chamber served as a housing for the dental implant fixture for mechanical test in
circulating testing fluid (Figure 1).
Streptococcus mutans (UA 159), Streptococcus sanguinis (10556), Streptococcus
salivarius (13419) and late colonizing Aggregatibacter actinomycetemcomitans (VT 1169) were
the bacterial strains used to create a bacterial polyculture consisting of early- and late- colonizers.
Brain heart infusion (BHI) with or without agar (BD, Franklin lakes, NJ) was used for bacterial
culture.
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8.3.2

Methods

Routine culture of bacteria
Frozen stocks of S. mutans, S. salivarius, S. sanguinis, and A, actinomycetemcomitans were
struck from freezer stock onto BHI agar and incubated in a 5% CO 2 microaerophilic atmosphere
for 48 hours. Colonies were inoculated in 5 mL BHI broth. The Streptococcus species were
incubated for 24 hours while A. actinomycetemcomitans was incubated for 48 hours. Then, 105107 colony forming units (CFU)/mL of S. mutans, S sanguinis, S. salivarius, and A.
actinomycetemcomitans were sub-cultured into a glass jar containing 900 mL of BHI which was
incubated for 48 hours. Post-incubation, the bacterial culture was pH 5.

Preparation of dental implant fixture for mechanical testing
Each dental implant specimen, with dimensions of 4.1 x 10 mm (diameter x length), was
cemented in the osteotomy of a 40 Pounds per Cubic Foot (PCF) foam block (Sawbone Inc.,
Vashon, WA) using the procedure described below. This block was cut to two different geometries
to facilitate mounting in the (i) bionix MTS chamber, which was used for the PBS test; (ii) custommade 3D printed chamber that was employed in LA and Bacteria test as shown in Figure 8.1. In
the cut block, a hole larger than the diameter of the implant was drilled using surgical
instrumentation. The depth of the hole was 7 mm to facilitate a 3 mm exposure of the implant
rough surface. The hole was subsequently filled with a composite cement composed of
poly(methyl methacrylate) (PMMA) and Brushite combination. The dental implant was placed in
the cement dough leaving 3 mm of the rough surface exposed to simulate alveolar bone loss
according to the ISO 14801 testing standards.
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Figure 8.1. Dental implants fixture for fatigue test (A-B): (A) PBS test fixture; (B) LA and
Bacteria test fixture.

Fatigue testing setup
The dental implant fixture was prepared using the method explained above. The whole
fixture setup was clamped at the base plate of a materials testing system (MTS, Bionix 370, Eden
Prairie, MN). The top end of MTS has the load cell with a capacity to apply axial and torsional
forces of magnitudes up to 25 kN and 100 N.m, respectively. For each group, the implant
specimens were immersed in their respective testing medium such as PBS, lactic acid, and bacteria.
PBS test was performed in 0.01 phosphate buffer saline (pH = 7.4) at 25 o C (Figure 8.2A). It
should be mentioned that the PBS testing medium was maintained at static condition. LA test was
performed with a circulating lactic acid solution (pH = 5) maintained at 37±2 o C (Figure 8.2B).
Finally, for the Bacteria test, the specimens were immersed in a circulating broth containing 10 5107 CFU/mL of polymicrobial culture (S. sanguinis, S. salivarius, S. mutans, and A.
actinomycetecomitans) (at 37±2 oC and 5-7 pH) (Figure 8.2C).
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Figure 8.2. Fatigue test setups in wet environment (A-C): (A) PBS test; (B) LA test; (C) Bacteria
test.

Bacterial culture was continuously pumped through the chamber at a flow rate of 20 RPM,
ensuring stirring and exchange of the medium. The components of this novel testing setup are
provided in Figure 8.3. A double-necked round-bottomed 1-liter flask was used as the reservoir
to contain the polyculture broth. The initial volume of the testing fluid was 900 mL. Inside the
chamber, dental implant specimens were immersed in approximately 250 mL of bacterial culture
during fatigue tests. An MTS water bath heating system was used to maintain the temperature at
37±2o C. The inlet tubing from the reservoir pumped the testing fluid into the chamber with the
help of a masterflex peristaltic pumping system (Cole-Parmer, Vernon hills, IL) at a constant flow
rate. The outlet tubing directed the testing fluid back into the main reservoir, and completed this
closed flow system. Fresh BHI nutrients from the conical flask were added to the main reservoir
after 2 days of testing to replenish bacterial growth.
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Based on the ISO 14801 standard, and quasi-static preliminary testing, all fatigue tests were
performed with cyclic axial compressive loading ranging from 45 N to 450 N. This cyclic loading
was applied at 4 Hz frequency up to 2 million cycles or until failure.

Figure 8.3. A novel in vitro setup to evaluate the synergistic effect of bacteria and occlusal loading.
Surface analysis
Post- fatigue tests the implants were retrieved from their respective fixture. Dental implants
were separated from their PMMA-brushite cementation by immersing the fixture block in acetone.
Acetone has been well known not to attack the surface of dental implants. These specimens were
subjected to optical microscopy, x-ray photoelectron spectroscopy, and electrochemical corrosion
test to understand the surface- morphology, chemistry, and potential respectively.
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O P TIC A L

M IC R OS C OP Y

Surface morphology of the dental implants was examined by optical microscopy (Keyence
VHX – 2000, Itasca, IL). Whole view of the implants was obtained with low magnification lens
(5x – 50x), whereas a high magnification lens (100x – 1000x) was employed to carefully evaluate
microscopic surface features due to the synergistic effect of bacteria and mechanical forces. This
microscope has an in-built option, “depth up” which facilitated acquiring 3D images of a rough
surface that is characterized by non-uniform/non-smooth surface contour. Post-processing of these
3D images generated a color-coded mapping based on the depth of the contour. The deepest region
was assigned a “dark blue” color while the highest peak region was given a “dark red”.

X- R AY

P H O T O E LE C T R ON S P E C T R OS C OP Y

(XPS)

Areas of interest identified with the optical microscopy analysis were further evaluated by
XPS (PHI 5000 Versa Probe II, Chanhassen, MN) to identify the elemental composition, and the
nature of chemical interaction of the TiO2 layer. Three test implants (S1, S2, S3), and one positive
control (PC) subjected to fatigue test in bacteria and lactic acid, respectively, were chosen for the
XPS analysis. Chemical analyses of the implants (I1, I2, I3) were also performed to serve as a
comparison for synergistic tested implants.
XPS analyses provided different intensities of spectral peaks at specific binding energies
characteristic to elements that were present on the surface of specimens of interest.

A

monochromatic Al Ka source of 1486.6 eV was used. Measurements were taken at an angle of 45 o
in relation to the sample surface. Two types of spectra could be acquired: (i) wide scan spectrum,
which provides a survey of area of interest to identify the elements present on the surface. These
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spectra were acquired using a pass energy of 187.85 eV, and 0.8 eV step size; (ii) narrow scan
spectra were obtained at a 23.5 eV pass energy, and a step size of 0.2 eV for individual elements
of choice. In this study, titanium (Ti), carbon (C), and oxygen (O) were the selected elements, and
Ti2p, C1s, and O1s spectra were acquired from the narrow scanning, respectively. The interaction
between Ti and O was of primary interest since this study aimed at investigating the damage to the
TiO2 layer. Previous studies have adapted, and established a sputtering technique mainly for two
reasons: (i) to remove the contaminants present on the surface; (ii) explore deeper into the surface.
Ti2p narrow scan spectrum contains a doublet peak Ti 2p3/2 and Ti 2p1/2. For easier discussion,
this study will focus on the Ti 2p3/2 peak. In general, Ti 2p3/2 spectrum would contain a peak at
458.66 ± 0.22 eV (Ti4+, TiO2), which would represent a native titanium oxide layer on the surface.
Upon sputtering, the deeper layers of surface oxide would have other oxidation states of Ti bound
to O at 457.13 ± 0.35 eV (Ti3+, Ti2O3), and 455.34 ± 0.39 eV (TiO, Ti2+). After sputtering, if
metallic Ti is detected at 453.74 ± 0.32 eV (Ti0, metallic state), it would imply in the detection of
bulk Ti. Therefore, the specimens were sputtered with an Argon source of 1 kV for 2 minutes. The
spectra that were acquired before sputtering were termed “as received” whereas the spectra
obtained after the sputtering procedure were named “after sputtering”.

E LEC TR OC H E M IC A L

C OR R O S ION T E S T S

After XPS, electrochemical corrosion tests were carried out on S1, S2, S4, PC, I1, I2, and
I3. It should be noted that sputtering technique used in the XPS analysis was a destructive method
so those regions were insulated from the electrolyte contact with the help of epoxy coating.
Electrochemical corrosion tests were performed using a three-electrode cell setup in which dental
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implant specimens served as the working electrode. Standard calomel electrode (SCE) was
employed as the reference electrode while a graphite rod was used as the counter electrode. 0.01M
PBS (pH = 7.4) was the electrolyte in which the electrodes were immersed. After assembling the
electrochemical cell setup, the specimens were subjected to standard corrosion tests such as open
circuit potential (OCP), linear polarization resistance, and anodic Tafel analysis. The open-circuit
potential was monitored first for 1 hour with a 0.5s sampling period in order to ensure the system
reached electrochemical equilibrium, and measured the thermodynamic stability of the oxide layer.
The final OCP reading was recorded as the corrosion potential (Ecorr). Afterwards, linear
polarization was performed at a scanning rate of 0.1667 mV/s from -10 to 10 mV in relation to
Ecorr. This yielded the impedance of the implant, and directly measured the corrosion resistance.
Following linear polarization, anodic Tafel testing was conducted from the Ecorr with an anodic
scan of 1 mV/s to + 0.25 V above Ecorr. Results from the anodic Tafel procedure were used to
calculate the relative corrosion rate for each sample.

8.4

Results

8.4.1

Optical microscopy

Control
The surface morphology of dental implants was analyzed with optical microscopy. Figure
8.4 (A-D) demonstrates the condition of the surface of a dental implant prior to testing, after
removal from commercial packaging. The whole view of the implant is shown in Figure 8.4A.
Figure 8.4B shows the machine lines of the smooth collar. The smooth collar-rough surface
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junction of the implant was observed to be pristine without any presence of defects or deformation
(Figure 8.4C). Figure 8.4D is the color coded 3 D mapping of the rough surface of the implant
immediately prior to testing. The color gradient begins from the deepest region on the surface (dark
blue) till the highest region (dark red). The uniformity of the surface could be appreciated by the
continuity of the color variation in the surface, which denoted deformation-free nature of the
surface.

Figure 8.4. (A-D) A freshly packaged implant: (A) whole view; (B) machine lines of the smooth
surface; (C) pristine smooth-rough junction; (D) 3D mapping of the surface with a uniform color
distribution indicating a deformation free surface.

PBS test
Figure 8.5A shows the purple-yellow surface discoloration exhibited by I1 which was
observed in three out of the four implants subjected to fatigue test in PBS. I2 did not have any
surface morphological change and was pristine post-fatigue test that was evident in the
morphological-free smooth-rough junction (Figure 8.5B). 3D mapping of I3 displayed peaks
(yellow arrows) and valleys (black arrows) (Figure 8.5C) but they were not in the form of pitted
pockets. All of the implants post- PBS test had 3D images which were similar to the control (or)
before testing surface condition.
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Figure 8.5. Surface morphology of implants post- PBS fatigue test (A-C): (A) Purple-yellow
discoloration observed on I1; (B) I2 displaying a pristine smooth-rough surface junction; (C) 3D
map of the surface showing deformation-free morphology of I3.
LA test
Figure 8.6 presents the surface of the implant (PC) post- fatigue test in lactic acid. The
whole view of the implant post-fatigue test is shown in Figure 8.6A. Morphological changes of
the surface was appreciated with discoloration observed on Figure 8.6B. Higher magnification
image (Figure 8.6C) identified the characteristic discoloration, which was also observed on postPBS test.

Figure 8.6. Surface morphology of the implant (PC) post- LA fatigue test (A-C): (A) Whole view
of the implant (PC) post- fatigue test; (B) Surface deformation observed on the smooth-rough
surface junction; (C) Surface discoloration covered within a layer of cement.
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Bacteria test
The whole of view of implants (S1, S2, S3, S4) post-testing is presented on Figure 8.7 (AD), respectively. Mild discoloration on the 3 mm exposed rough surface in all the implants could
be appreciated, whereas the region below (except S3) had surface coloration similar to the control.
Figure 8.7C shows discoloration of the bottom region as well as on the smooth-rough junction of
the implant S3. A silver colored thin lining was observed on the surface of S1 (Figure 8.7A).

Figure 8.7. Whole view of the dental implants post- synergistic test (A-D): (A) S1; (B) S2; (C)
S3; (D) S4.

Figure 8.8 (A-C) demonstrates the change in surface morphology of dental implants postsynergistic test. Purple/yellow discoloration was evident on the surface of all implants. Figure
8.8A shows this discoloration observed on the rough surface of implant S3 while similar change
in the coloration could be appreciated on the smooth collar of the implant (Figure 8.8B). Smooth
collar discoloration was also observed on all the implants except S1. Deformation of the surface
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in the form of peaks (yellow arrows), and valleys (black arrows) could be witnessed on S3 (Figure
8.8C). The depth of these pits with respect to the surrounding crests varied from 20 µm to 35 µm.
This feature could be observed in S2, S3, and S4.

Figure 8.8. Surface of dental implants post-synergistic test (A-C): (A) Purple yellow discoloration
on the rough surface of implant (S3). (B) Discoloration on the smooth collar surface of S4. (C)
Surface deformation in the form of pockets created by peaks (yellow arrows) and valleys (black
arrows) on the surface of S3.

8.4.2

X-ray photoelectron spectroscopy
XPS spectra of dental implants S1, S2, S3 obtained post-synergistic tests were compared

with implants (I1, I2, I3) from fatigue test immersed in phosphate buffer saline (PBS), and positive
control (PC) implant subjected to fatigue test in lactic acid. Survey spectra of I1, I2, I3 post-fatigue
test predominantly identified elements such as titanium (Ti), carbon (C), oxygen (O), nitrogen (N),
calcium (Ca), and phosphorus (P). Trace amounts of elements such as sodium (Na), zinc (Zn),
boron (B), silicon (Si) and selenium (Se) were also observed. The surface of PC consisted of
elements such as titanium (Ti), carbon (C), oxygen (O), sodium (Na), and silicon (Si). Titanium
(Ti), carbon (C), oxygen (O), nitrogen (N), sodium (Na), calcium (Ca), phosphorus (P) were more
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commonly observed on the survey spectra of S1, S2, and S3. Silicon (Si), and boron (Br) were
observed in trace amounts.
Figure 8.9 (A-B) shows XPS narrow scan spectra of Ti2p of implant specimens (I1, I2,
I3, PC, S1, S2, S3) “as received” (Figure 8.9A) and “after sputtering” (Figure 8.9B). The “as
received” spectra of I1, I2, I3, PC, and S2 displayed a symmetric Ti2p peak at 458.66, which is
nothing but Ti4+ bound to O (TiO2), and denoted the native oxide layer. However, a slight shoulder
could be appreciated on Ti2p spectra of S1 and S3 with a peak on 457.16 eV indicating the
presence of Ti3+ bound to O (Ti2O3) in addition to the TiO2 oxide peak. This demonstrated the
breakdown of the TiO2 layer and exposure of the surface beneath the native oxide layer. Ti2p
spectra of I2, I3, PC, S1, and S3 “after sputtering” (Figure 8.9B) exhibited a well-defined
asymmetry of the Ti 2p3/2 peak. All the oxidation states could be appreciated with peaks at 458.66
eV, 457.13, 455.34, and 453.74 indicating the presence of Ti 4+ (TiO2), Ti3+ (Ti2O3), Ti2+ (TiO),
and Ti0 (metallic Ti), respectively. I1 and S2 did not show any asymmetry displaying only the
native TiO2 peak at 458.66.

Figure 8.9(A-B). XPS analyses of dental implants post-fatigue test in PBS (I1, I2, I3), post- fatigue
test in lactic acid positive control (PC), and post-synergistic test (S1, S2, S3): (A) As received; (B)
After sputtering.
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8.4.3

Electrochemical corrosion tests
XPS analyses was followed by electrochemical corrosion testing to quantify the corrosion

resistance of post-synergistic test implants (S1, S2, S4), implants exposed to fatigue test in PBS
(I1, I2, I3), and a positive control (PC) implant subjected to fatigue test in lactic acid.
Electrochemical parameters such as corrosion potential (Ecorr), polarization resistance (Rp), and
corrosion rate (CR) (Figure 8.10 (A-C)) did not show any statistical significance between postsynergistic test and post-fatigue test PBS implants (S1, S2, S4 vs I1, I2, I3). However, it was
evident that the average corrosion potentials (Ecorr) of implants post-fatigue test in PBS and
implants post-fatigue test in lactic acid were on the positive side (Figure 8.10A). The average
Ecorr of implants post-synergistic test was negative. The least Ecorr value of -73.79 mV was
recorded for S1. Contrarily, the highest Ecorr value was recorded for I1 (56.8 mV). The average
polarization resistance (Rp) (Figure 8.10B) values were comparable among the two sample groups
and the positive control. Implants post-fatigue test in PBS had the least average Rp value.
Although, the least Rp value of 2.5 MΩ.cm2 was observed for S2. Following the trend of the least
average Rp values, the implants post-fatigue test in PBS (I1, I2, I3) had the highest average
corrosion rate (Figure 8.10C) succeeded by average CR of implants post-synergistic test, and the
CR of PC. The highest CR value (0.14 µm/year) was noted for I3.

8.5

Discussion
Bacteria and occlusal loading are not only risk factors for implant failures but also oral

environmental factors to which a dental implant is exposed during its service in vivo.34
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Figure 8.10 (A-C). Electrochemical corrosion test results of implants post- fatigue test in lactic
acid (PC), in PBS (I1, I2, I3), and in bacteria (S1, S2, S4): (A) Corrosion potential; (B) Polarization
resistance (Rp); (C) Corrosion rate (CR).

Therefore, the primary goal of this study was to evaluate the synergistic effect of bacteria
and mechanical forces on the surface of dental implants. It is based on the hypothesis that the
interplay of microbial adhesion and cyclic occlusal forces can result in surface damage causing
continuous dissolution of metal ions in the surrounding tissue.
In order to verify this hypothesis, a series of fatigue tests such as PBS test (I1, I2, I3), LA
test (PC), and Bacteria (S1, S2, S3, S4) test were developed. It should be mentioned that the fatigue
test carried out on the first dental implant submerged in 0.01 M phosphate buffered saline (PBS)
suffered a catastrophic fracture.228 In that test, the upper load limit was 550 N, which was based
on the load-to-failure test performed in that study.228 It was speculated that the implant experienced
overloading leading to fracture. As a result, the upper load limit was revised to 450 N for the
subsequent fatigue tests based on normal load limits experienced during mastication. 228 The rest
of the implants (I1, I2, I3, PC, S1, S2, S3, S4) subjected to the fatigue loading with the revised
upper load limit survived the cyclic loading for 2 million cycles without failure.
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Post-fatigue tests, the implants were removed from the mounting fixture. Since, the
implants were cements and secured with PMMA-brushite composite, the mounting fixtures were
immersed in acetone to retrieve the implants from cementation. Hence, there was no mechanical
force involved in the process of implants retrieval from their fixture for fatigue tests. First, these
fatigue-tested implants were analyzed with optical microscopy to evaluate surface morphology.
Upon microscopic inspection, a purple-yellow discoloration could be appreciated on both rough
(Figures 8.5A, 8.6C, 8.8A) I1, I3, PC, S2, S3, S4, and smooth (Figure 8.8B) surfaces of S2, S3,
and S4 implants. This coloration of purple and yellow on Ti dental implants has been attributed to
the presence of Ti3+ and Ti2+, respectively, on the surface.203 Previous studies have witnessed this
morphological change in color in early-/late- stage retrievals, implants subjected to immersion in
bacteria mono-/poly-culture, and implants subjected to fatigue test in PBS. 35,197,228 In general a
freshly packaged, unused standard tissue-level implant would have a bright silver colored,
machined, smooth collar surface, and a grey rough surface beneath it, which extends out with
extruding screw threads as shown in Figure 8.4 (A-D). The change in surface coloration to purpleyellow implied a chemical attack due to acidic condition in both rough and smooth surfaces postsynergistic test. In the PBS test, the testing fluid was neutral (pH = 7.4), and it was speculated that
loosely contacting crestal/marginal cement layer could have created a crevice region which in turn
might have increased the local acidity causing discoloration.228 This is plausible as discoloration
in most cast had been observed in the 3 mm exposed surface, and mainly close to the marginal
region of the cementation.228 In the LA test, the pH of lactic acid solution was adjusted to 5 to have
the same acidic condition as the polyculture broth used in the Bacteria test. It is well established
that the bacterial species employed in the polyculture (S. salivarius, S. sanguinis, S. mutans, A.
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actinomycetemcomitans) reduce the pH of their nutrient medium as they proliferate due to the
release of organic acids from sugar metabolism.48,198,229 Therefore, the discoloration observed on
the surfaces of PC, S2, S3, S4 could be attributed to the acidic nature of the circulating solution
used in LA test and Bacteria test. It is a general perception that bacteria prefer rough surfaces more
than smoother surface, and there are contradicting views claiming that biofilm maturation is
independent of surface roughness.230 From this study, it was evident that bacteria could attack both
smooth and rough surfaces with no preference for surface topography. It is well known that while
rougher surfaces favors hard tissue growth, smoother surfaces facilitate soft tissue integration with
the implant material.79 Thus, chemical attack on these surfaces could affect tissue integration,
which might be exacerbated by mechanical forces during occlusal loading. 35 Exposure of the
machined implant body as a thin silver line on the rough surface (Figure 8.7A) was observed on
S1, illustrating possible debridement from the implant surface due to the synergistic effect.
Another feature, which was consistent from the previous studies, was also detected in this study.
It is the presence of alternating peak and valleys resulting in pocket formation in the surface in
comparison to a pristine deformation free freshly packaged implant as shown in Figure 8.4D.50,197
Post-synergistic test, S3 (Figure 8.8C) and S4 displayed this feature. However, the pocket depths
were not so prominent compared to the observations in previous studies. 35,50,197 Again, pitting
pockets in the form of peaks and valleys indicated an electrochemical triggered damage to the
surface.
The areas of interest identified with optical microscopy were further analyzed with XPS to
understand surface chemistry. Synergistic test implants S1, S2, S3 were compared with implants
(I1, I2, I3) post- PBS test, and positive control implant (PC) post- LA test. Survey spectra revealed
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titanium (Ti), carbon (C), and oxygen (O) as the predominant elements on the surface of all the
implants post-testing. Carbon presence had contributions from environmental contamination,
bacteria adhesion-based biological products, and remnants of PMMA brushite cement on the
surface. PC had Si in addition to Ti, C, and O. Presence of Si could be from specimens handling
(or) due to glass vial storage of the implants post-testing205. Almost all implants had presence of
Si, and boron (B) (except for PC and S1). The presence of B could also be attributed to the storage
method205. XPS wide scan detected calcium (Ca) and phosphorus (P) in I1, I2, I3, S2, and S3. Ca
and P are the major constituents of brushite which is the part of the composite cement used to
secure the implant in its mounting fixture for fatigue tests. Sodium (Na) was observed on almost
all the implants, which could be from the testing fluid in which dental implants were immersed
during their respective fatigue tests.
Narrow scan (or) high resolution XPS spectra of selected elements of Ti, C, and O further
demonstrated the elemental interaction on the surface. Before sputtering, the “as received” Ti 2p
spectra (Figure 8.9A) of I1, I2, I3, PC, and S2 detected the native titanium oxide (Ti4+, TiO2) peak
at 458.66 eV. However, S1 and S3 (Figure 8.9A) had prominent shoulders indicating Ti3+ (Ti2O3)
peak at the binding energy of 457.13 eV, in addition to the native oxide layer. This clearly indicated
surface damage to the passive layer because a pristine surface will only have a peak for TiO 2. In
general, upon sputtering deeper layers of the surface would be exposed revealing the other
oxidation states of Ti (Ti3+, Ti2+) bound to O.191 Depending on the thickness of the oxide layer, the
bulk Ti (Ti0) would be exposed. “After sputtering” Ti2p spectra (Figure 8.9B) of I2, I3, S1, S3,
and PC revealed peaks identifying peaks representing other oxidation states of Ti such as Ti 4+,
Ti3+, Ti2+, and Ti0 at 458.66 eV, 457.13 eV, 455.34 eV, and 453.74 eV. However, I1 and S2 had
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the TiO2 layer intact even after sputtering showing only the symmetric peak without exhibiting
peaks for other Ti oxidation states unlike the rest of the implants. The detection of Ti 3+ on the
surface of S1 and S3, indicating thinning of the oxide layer, could be attributed to the synergistic
effect of bacteria and mechanical forces. Rodrigues et al. had encountered similar observations of
surface damage in the “as received” XPS analysis of an implant immersed in in late colonizer
Porphyromonas gingivalis50. Lipopolysaccharides (LPS) released from P. gingivalis were
speculated to have caused the surface damage.49,50 However, in this study, thea bacteria polyculture
consisted of early colonizers S. mutans, S. sanguinis, S. salivarius, and a late colonizer A.
actinomycetemcomitans. These bacterial species are not associated with LPS release in their
growth medium. Therefore, it could be assumed that the interplay of bacteria and occlusal loading
had led to the degradation of the TiO2 layer. In an earlier study, Esposito et al., had reported
thinning of the oxide layer, and surface damage in an implant after 8 years of in vivo service.136
Subsequent electrochemical corrosion tests were performed to evaluate surface potential.
Comparison of electrochemical parameters such as corrosion potential (Ecorr), polarization
resisitance (Rp), and corrosion rate (CR) (Figure 8.10 (A-C)) between synergistic tested implants
(S1, S2, S4) and fatigue tested implants in PBS (I1, I2, I3) did not show any statistical significance.
It should be noted that all of the implants post-synergistic test had negative corrosion potential. In
spite of the negative corrosion potential, the curve tended toward the positive potential, which
suggested the growth of oxide layer over time allowed for Ecorr measurement. It should also be
noted that S1 had the least Ecorr value (-73.79 mV), which also demonstrated surface damage in
the “as received” XPS analysis. I1, I2, and PC had positive Ecorr values demonstrating a
thermodynamically stable passive layer. Interestingly, corrosion rate of implants subjected to
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fatigue test in PBS (I1, I2, I3) was higher than implants (S1, S2, S4) post- synergistic test. This
may be due to the layer of bacteria attachment on the surface in comparison to the microbial
contamination free fatigue tested implants (I1, I2, I3). The adhesion of bacteria (or) remnant of
cement on the surface could have prevented the dissolution of metal ions which affected the
potentiodynamic experiment, and hence the corrosion rate measurement.
In summary, optical microscopy displayed surface discoloration, which had similar purpleyellow pattern consistent with previous studies.35,127,197,228,231 Subsequent XPS analyses revealed
degradation of the native oxide layer (Ti4+, TiO2), and exposure of the underlying Ti3+ (Ti2O3) in
the “as received” spectra of S1 and S3. This clearly depicted the thinning of the oxide layer in
comparison to implants post- PBS test (I1, I2, I3). The surface damage post- Bacteria test was
further corroborated with lower average corrosion potential (-43.28 mV) compared to the positive
average Ecorr of 30.64 mV for I1, I2, I3. However, anodic Tafel analyses did not depict this
condition, suggesting that the average corrosion rate of specimen post- PBS test was higher than
that of implants post- Bacteria test. This was expected because adhesion of bacteria served as a
barrier preventing the dissolution of metal ions in the electrolyte.
Understanding surface performance with respect to oral environmental factors is important
because of the multifunctionality of the TiO2 layer, and the various mechanical and electrochemical
factors in vivo that can disrupt surface integrity. From the previous studies, it was learnt that
adhesion of bacteria can damage the surface of dental implants. This study concluded that the
negative impact of microbial adhesion could be exacerbated by mechanical forces.
The limitations of this study were mainly concerned with long term usage of bacteria
polyculture. The fatigue test lasted for 6 days, thus it was challenging to maintain the concentration
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of bacteria in circulating fluid. This study was restricted to sand blasted, large grit, and acid etched
(SLA) surface. Therefore, future studies will be aimed at employing this testing method to
investigate multiple dental implants surfaces which are commercially available.

8.6

Conclusion
A novel in vitro setup was developed to evaluate the synergistic effect of bacteria and

mastication forces on the surface of dental implants. This study was based on the hypothesis that
the combined effect of oral factors such as cyclic occlusal forces, and mechanical forces could
result in breakdown of the oxide layer. The results of this study have proved demonstrated that the
combination of acidic electrochemical environment and cyclic mechanical loading can damage the
surface of dental implants. In the future, this setup could be used to test various implant surfaces
and different classes of materials used for manufacturing dental implants with multiple testing
solution that could potentially contact these devices.
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CHAPTER 9
CONCLUSIONS
This dissertation proposed three aims to study the effect of (i) surgical insertion in different
bone densities; (ii) bacterial colonization; (iii) occlusal forces on the surface of cpTi dental
implants. These are the oral environmental factors which have been major contributors to the
success (or) failure of dental implants. However, there are very few studies which have discussed
about their impact on the surface TiO2 layer. This study was based on the hypothesis that these in
vivo oral factors can provide acidic conditions and mechanical force triggered wear, which could
damage implant surfaces resulting in continuous dissolution of metal ions in peri-implant tissues.
In order to prove the hypothesis, novel in vitro tests were developed to simulate these conditions.
In vivo retrievals of failed dental implants and its components were analyzed to evaluate surface
topographical features associated with failures and served as reference to evaluate surface features
obtained from in vitro studies.
Aim 1 developed two in vitro techniques to evaluate the effect of surgical insertion on (i)
the premature release of metallic particles (Chapter 4); and (ii) the susceptibility to corrode
(Chapter 5). Chapter 4 successfully developed an in vitro model to insert dental implants in
sawbone blocks of different densities (10, 20, 30, 40 pounds per cubic foot (PCF)). The results
from this investigation clearly demonstrated that increasing bone density led to an increase in
insertion torque. However, powder XRD of the peri-implant sawbone material did not detect
metallic Ti. It was concluded that the insertion procedure did not result in surface damage and
release of metallic particles irrespective of the bone density. The next chapter (Chapter 5)
engineered a setup to answer the question whether the implantation procedure could cause
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corrosion of dental implants. This study was performed to further corroborate the results of the
previous chapter that the insertion procedure did not affect the surface integrity of Ti dental
implants. The results also reflected the same that there was no significant statistical difference in
the corrosion parameters of the un-inserted control implants versus the implants inserted in the 20
PCF and 40 PCF sawbone blocks. Earlier and recent literature suggested the potential of particle
release due to the insertion method of dental implants. However, based on these two investigations
it can be contradicted and concluded that a sand blasted, large grit, and acid etched surface will
not be affected by the insertion procedure irrespective of the bone quality (or) the bone density.
Aim 2 analyzed in vivo failed dental implants retrievals, and developed novel in vitro
immersion tests, which enabled long-term exposure of dental implants to early and late colonizers.
Surface features of early- and late- stage failed implants were compared with implants immersed
in early- and late- colonizers, respectively. In vitro polyculture of early colonizers created an acidic
pH of 5, whereas the growth of late colonizers provided a neutral electrochemical environment
(pH = 7). These pH conditions were consistent throughout the immersion period of 30 days.
Chemical attack on the implant was witnessed with surface discoloration and pitting in in vivo
retrievals and implants exposed to in vitro immersion tests. Late failed retrievals exhibited
additional surface features such as scratches, fracture, and cracks, which showed signs of
mechanical wear. This morphological damage was corroborated with XPS analyses which
illustrated the thinning of oxide layer in early-, late- failed retrievals, and implants immersed in
late colonizers compared to their respective negative controls. However, XPS did not reveal any
change in the surface chemistry of implants immersed in early colonizers compared to its negative
control. The electrochemical corrosion results did not have any significant change among the
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corrosion parameters such as corrosion potential (Ecorr), polarization resistance (Rp), and
corrosion rate (CR). However, Ecorr and CR of implants immersed in late colonizers corresponded
to the oxide layer degradation by showing a negative corrosion potential, and a higher corrosion
rate in comparison to early colonizers and the respective negative control. Based on this study, it
was concluded that late colonizers, and their anaerobic environment can exert a more pronounced
effect on the implant surfaces.
Aim 3 developed fatigue tests to evaluate the effect of occlusal forces on the surface of
dental implants immersed in 0.01 M phosphate buffered saline (PBS) (Chapter 7). This fatigue test
was modified, and a novel synergistic test was designed to understand the interplay of cyclic
occlusal loading and bacteria on the surface of dental implants (Chapter 8). Occlusal loading could
inflict surface discoloration irrespective of the immersion medium employed for the fatigue test.
However, the interplay of cyclic forces and bacteria resulted in a more severe degradation of TiO 2
layer, essentially demonstrated by the XPS analysis. Even though the severity of surface
degradation post-synergistic test was evident with negative average Ecorr, polarization resistance
and corrosion rate parameter were comparable and not statistically significant.
The overall findings of this study indicated that surface degradation inflicted by bacteria
could be exacerbated by mechanical loading. Destruction of the oxide layer can release metal ions
in the peri-implant tissue, which could cause inflammation triggered osteolysis. This study was
restricted to a particular surface treatment, and these in vitro methodologies could be employed to
test different surfaces, and implant materials. Future research could help identify the host response
post- oral factors induced surface degradation.
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CHAPTER 10
FUTURE WORK
This dissertation was highly motivated by retrieval analysis of failed dental implants in
which oral factors were proposed to contribute to the surface damage through a process known as
fretting-crevice corrosion, which would eventually lead to the failure of this device. Subsequently,
in vitro tests were developed to simulate those in vivo factors such as bone quality, bacteria
colonization, and occlusal loading. This is essentially a post-market surveillance followed by
setting up of in vitro test which would ensure the performance of the dental restoration device
during the developmental research phase.
In this study, it was concluded that both individual and synergistic involvement of bacteria
and mechanical occlusal forces can negatively impact the surface altering the surface- morphology,
chemistry, and potential. However, there are certain limitations to this study, which could pave the
way for future studies. This dissertation was restricted to commercial dental implants with
particular brand, dimensions, and surface treatments. Testing variety of brands, dimensions, and
surface treatment would add useful information, and would be valuable to compare and understand
the surface chemistry, mechanical properties, and the corrosion resistance.
The extent of surface damage due to these oral environmental factors, and its consequences
in vivo still remain a big question. There are a number of questions that need to be answered in
this area. They are as follows: How much particle would be released because of surface damage?
What is the correlation between osteolysis/bone resorption (or) bone modeling homeostasis with
respect to particle release? What is the amount of particle that is required to elicit an uneventful
host response? Can a corroded surface still possess the same level of biocompatibility and
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encourage osseointegration? What is the host response to a corroded surface? Will a corroded
surface affect the healing process? Will a corroded surface encourage more bacteria colonization?
All of these questions are motivations toward more molecular level of understanding of
dental implants, and its biological milieu. Dental implants market has been predicted to grow over
the next few years. It is necessary to collect valuable research contents to understand more about
the material with respect to its application and the biological environment. All these studies would
provide foundations for better and improved design of future generation of dental implants, and
subsequently improving the quality of health care.
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